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PREFACE

We live on a tiny planet vevolving around a star that moves through one
small corner of the universe. Outward in all directions from our planet
lie billions of other stars. Astronomers over the years have accumulated
a vast amount of knowledge about these stars, and about the universe as
a whole, Most of this knowledge, furthermore, has been gained without
the astronomers being able to leave the surfuee of our planet. It is only
in recent years, as you know, that man has made his first attempts to
explore space with manned and unmanned spacecraft. You may wonder,
then, how scientists have been able to learn so much about the stars
while being forced to remain so isolated from them.

In The Message of Starlight you will learn that the one thing which tells
us more about the stars than anything else-is the light that stars give
off. And you will learn about the most important tool astronomers use in
their study of this starlight—the spectroscope. A spectroscope is an
instrument that spreads a beam from a light-giving object into a band of
colors called a spectrum. By studying a star’s spectrum, astronomers
have been able to gather an amazing amount of information. They have
learned a great deal about many stars and particularly about the sun,
the star that lies closest to us. You will find out what a spectrum tells us
about a star’s size, distance, temperature, density, chemical composition,
and output of energy. You will also learn that scientists have been able
to determine the speed with which stars rotate, to discover stars that
shrink and expand, to study the rotation of pairs of stars, and to
estimate the speed and direction in “which stars as well as entire
galaxies are moving. All this and much more have been determined by
spectroscopic analysis of the light gathered by astronomers’ telescopes.
The spectroscope, you will see, is indispensable in interpreting the
message of starlight.

The Message of Starlight is one of six books in THE UNIVERSITY OF
[LLINOIS ASTRONOMY PROGRAM. The program was developed by a
group of science educators and astronomers to teach students like you a
broad segment of physical science from the point of view of the
astronomer. As you learn general prineiples of science through the
astronomer’s eyes, you will share his knowledge of the universe that has
come from the light of the stars.
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CHAPTER 1

Starlight

Flow do we find out what a star is made of?

H you want to find out what a rock is made of, you might dvip some acid
on it If the rock fizzes, it may be limestone, Or vou might examine the
rock under a microscope. Many snbstances in a rock have deflinite
erystal shapes that help identify what the rock is made of.

What about stars? We can’t drip acid on a star and watch for a fizz. We
can’t put a piece of a star under a microscope to look for crystal strne-
ture. Nearly everything we can hope to know aboul stars and other
objects in the sky has to be learned by studying the light they send us.

On a clear dark night, away from the city lights, you can see almost 2500
stars, flickering red, yellow, and bluish-white. With a telescope, you can
see millions. Some are so faint that you can hardly tell they are there;
others, such as Sirius (SEER-ee-us) and Vega (VEE-guh), shine brightly.

Suppose we lived on Venus instead of on the earth? The dense clouds
forever blanketing that planet would block all starlight from its surface
and would prevent our secing any light from the stars. Would we ever
know that there are such things as stars? Starlight is our only contact
with the stars.

«—— The Milky Way in the constella‘t'ion Saygittarius 8
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Fxeept for the sy bl the stars are so faeaway feom us that they appear
like pinpoints of lghty even in the Tivgest telescope, hnagine that you
ave i very daek voome wheve some hind of Hight has heen placed
behind wserecns You see the Hght as o pinpoint reaching vou throngh o
tiny hole in the sereens What ean you guess about the Hght sowvee by
tooking at the Tight shining through the hole?

What it the ight is datlred? What things have youn seen that glow dull
red? Goals? A neon sign tube? 1 the light is blue, what might the sonree
be? Buming cooking gas? A fluorescent light tabe? s the ight white?
White tight could be coming from a light buth, Could iv even he light
from a star, directed through the hole by mirrors? From the pinpoint of
light, conld you gaiess anything about the sowree’s tempernture? Or how
much it weighs?

Astronomers fong have pondered over the same kind of puzzie. They
have played some poor hunches and some good ones, just as vou didl
with your davk room and screen, Before astronomers could begin to
make sense of the stars, they somehow had o decipher the message of
starlight. And before they could begin to work out the superpuzzle of
starlight, they found what they had o know more about light itself. What
causes light? What are the things lght can do?
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CHAPTER 2

Behaviors of Light

You ean't feel, smebl, ov hear Fight, 5o perhaps you haven't puzaled
about it very much. Light hus been so mneh o part of your life from the
duy you were horn that it is nataral for vou to take it for granted, Bat
what ix Jight” What i it that Teaves wostar, crosses the vast distanee
Hrongh space, and eventially reaches carth and yonr eyen?

Over the centuries many seientists have wondered what light coulel be,
At one time people thought of Tight as something that shot out of the
eyes and bounded back to the eyes from every objeet it straek. Can you
think of any objections to this theory?

Even though you have been seeing it all your life, light probably still
seems stranger than the objects around you that you can touch, You
can observe many things about an ohject such as a brick or a bivd — how
much it weighs, what color and size it is, what it is like on the inside,
But how many different things can you say about light?

[n order to learn about light, you must experiment with it to see what it
can do. If you knew all the ways light behaves, yon would know all there
is to know about light,

BETWEEN HERE AND THERE

Watch and listen as a thunderstorm approaches. Storm clouds gather.
Then @ boltof lightning flashes. Some seconds later vou hear the rumble
of thunder. Somehow both light and sound got from the storm to vou.
From your observations, can you compare the speed of light with the
speed of sound?

Listen for the sound of a high-flving jet airplane. Do you see the plane

sh-living ) ! y !
where its sound seems to come from? How would things be if light and
sound traveled at the same speed?

Is it easy to see how fast light travels? Can you get a hint of its speed by
flashing a flashlight on and off at a distant mirror and waiting for the re-
flection to return to you? When you comb your hair before a mirror, do
you- finish before your image does?

“y
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The speed of light is so great that no one really knew whether or not it
was instantaneous until about three centuries ago, Today seientists are
ahle to measure the speed of light precisely: light travels at the speed of
186,283 miles per second,

You can examine other behaviors of light by observing objects placed
in a strong hght beam.

Darken the room and shine a projector beam toward a white sereen
on the wall, Hold a piece of paper in the beam. The sereen and
paper are bright, but are they veally sources of light? Is it possible
for the light to brighten the paper without a shadow appearing on
the sereen? What are shadows? ‘

11

10

ERIC

Aruitoxt provided by Eic:



s tramm the papesr and soreen has beon vefleotes]
ine that the light in the heamnm has bounoeed oft the
ued o shadow zone siretcehes ont behind. A vafleciian
always ocour together,

oil into the boam. How can you move: your poenail
. without moving thie snhadow? Doen this tell you
ther paith that light tankos tvrom the projector to the

tors and cross their beams., Put chalk dust in the
ring chalkboard erasers together. Why do the beams
e visible? Are you really seeing the beams? Do the
appear to disturb each other in any way? Does one

12
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beam reflect off the other? Does one beam hecome fainter alter
passing through the other?

From oune place to another, from a star to a telescope, from a light bulb
to a speck of dust —light seems to move in straight lines. It travels fasl,
much faster than sound. When it strikes objects it seems to bounce and
head off in a new direction, and a shadow falls along the old path. But
when it encounters another light beam, it passes through as though the
other beam weren’t there at all,

SPREADING OUT OF LIGHT

The farther away a source of light is, the fainter it appears. The streel
) I bl
lights in your neighborhood all have bulbs of the same size, but you
know that the lights down the street look fainter than the ones nearby.
How much fainter does a light become as you look at it from a greater
£ ) £
and greater distance?

"‘3 in.“.*
-
] »
—
S
Proned
e
oy
[~ c
) D I~ Pt oiled paper
Py
~L «—
L
——d
v
hole 'z in. on each side
card 1in. from light source :
1
1

To help answer this question, cut a half-inch square from the cen-
ter of a picce of cardboard. Place this square hole one inch from
the filament of a flashlight bulb. Draw a three-inch square in the
middle of a piece of paper. Divide this large square into half-inch
squares. Rub the paper with salad oil so that light can be seen
through the paper. Hold it at different distances from the light.

. 13
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How many squares receive light when the paper is held one inch
from the bulb? Two inches? Three? Four? What does this experi-
ment tell you about the amount of light each square receives when
the screen is at different distances from the light?

-
oiled paper

card with 'z in.-square hole

w_/

pAMMAAMMMMEAAAASARAMMA A DALY
ruler

Careful measurements will show you that when the paper is placed one
inch from the bulb, up against the hole in the cardboard, light covers
one of the squares. But when you move the paper two inches from the
bulb, the same amount of light spreads out and covers four squares. A
square’s share is now only one-fourth of what it was. At three inches,
a square receives one-ninth of the light it receives at one inch. At four
inches, a square receives only one-sixteenth of the spread-out light.
The amount of light that falls on a square any distance away can always
be found by dividing the light at one inch by the square of the distance
to the source. Light behaves according o this inverse-square law.

The inverse-square law tells how much light will fall on an area at any
distance from a point source, compared with the amount that falls on
the area when it is a unit distance away. The street light two blocks
away sends lo your eye Y22, or one-fourth, as much light as the streel
light one block away. Only %2, or one twenty-fifth, as much reaches you
from the street light five blocks away.

GATHERING LIGHT

On some clear, moonless night when you are far away from city lights,
look at the landscape to see if it is lighted by the stars. [t will be almost
as dark as the bottom of a mine shaft at midnight. When you look into

14
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the sky, however, your eyes gather enough lighl to see two or three
thousand of the brightest stars. Without the aid of a telescope, your eyes
cannot gather enongh light 1o show you the other hillions of stars that
are there. In nearly any small pateh of sky that appears black to you,
there are actuatly millions of stars. If astronomers are 1o study these
faint stars, they somehow must colleet the feeble light that reaches us
from the dark distances of space. Let's explore some of the ways they
gather light. When astronomers want a record of starlight, they often
capture it on film.

[n a darkened classroom, or at the end of a fong, dark hallway,
make a few “stars.” A string of miniature Christmas tree lights
makes a good constellation. You can cateh homemade “starlight™
on a piece of white cardboard. Face away from the lights and hold
the paper up. Ouly a simall amount of the light will fall on the

paper.

No matter which way you hold the paper, and no matter how close to
the bulbs, you cannot make the hulbs appear as pinpoints of light on
the paper. To do so, you must do something to the light.

Try gathering the light with a concave mirror. Face the mirror
y &R 4 K

toward the bulbs and move it around until the image falls on the
paper. You'll probably get splotches of light instead of sharp

14 : 15
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images. Are the images of the “stars” black and white? Or are they
the same colors as the lights? What do you notice about the size
of the images?

Because the mirror is curved, the reflected light will form images of the
“stars.” The mirror is much larger than your eye. It captures more
light from the “stars™ than your eye does.

The bigger the mirror, the more light it will capture and the brighter
the image it will reflect. A telescope that uses a concave mirror to gather
and focus starlight is called a reflector. The surface of the mirror is
polished to a very smooth finish so that the images it forms will he
sharp. Reflectors often have a second mirror to focus the image outside
the telescope, where astronomers can place instruments to record the
starlight.

There is another way to gather light and form images. Try it with a mag-
nifying lens. Use the lens the way you would a burning glass. Move the
lens closer or farther away until the “constellation” is brought into focus
on the paper. The “constellation” may seem small, but it should show up
as bright specks of light that you can see clearly. thl difference
would it make if you used a larger lens?

A telescope that uses lenses to gather and focus starlight is called a
refractor.

15
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mirror
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mirror

D I )
— o
REFLECTING TELESCOPE eysPiece
REFRACTING TELESCOPE
eyepiece

lens

COLORS IN LIGHT

What more can astronomers do with light than 1o ather it and foeus it

with mirrors and lenses? Is there more to light thah what you see when

you look at a lighted bulb?

@ Darken the room as much as possible, stand about ten feet from
vour cluster of stars, and look at them through a diffraction grating.
Look for the rainbow of colors for each tight.

16 17
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The band of colors on either side of a light is the spectrum of the
light given oft by the bulb. Hold the grating in various positions
until you have the spectrum spreading out from side to side.

Before astronomers could hope to find out what the stars are made of,
they had to learn some of the ways light behaves, as vou have. In the
L600’s Isaac Newton was, one of the first to study spectra. He used a
glass prism instead of a grating, but like vou, he worked in a darkened
room. We often have to work in the dark to study light.

ON YOUR OWN

Look at the sky on a clear night. Pick out a region between three

bright stars and try to estimate the number of stars you can see in
& A y

this area with your unaided eyes. Now scan the same region with a

pair of binoculars. How many more stars are visible?

Peer into a mirror with one eye. Hold a ruler close to your face to
measure the diameter of the pupil of your eye. The pupil is the cir-
cular hole threugh which light enters the eye. Now measure the
diameter of one lens of your binoculars. Divide the diameter of the
lens by your pupil’s diameter. Square this number to find how
much more light a binocular lens gathers than does - our eye.

The Hale Telescope at Mount Palomar has a mirror 200 inches in
diameter. How many times larger than your pupil is this mirror’s
diameter? Again, square this number to find out how much more
light the 200-inch telescope gathers than does the unaided eye.

18



CHAPTER 3

Ways to Think About Light

In some ways the behavior of light resembles the behavior of familiar
objects.

Light travels away from its source. So do the pellets of buckshot from a
shotgun. So do waves on a pond after a pebble has been dropped into
the water.

Light is reflected from objects. So is a hall as it hounces off a barn, and
s¢ is a water wave as it strikes a smooth wall.

Two beams of light cross without disturbing one another. So do two
streams of fast-moving pellets if the pellets are small enough and are
not too close together. Do water waves coming from different directions
cross without disturbing one another?

Suppose you think of light as a stream of buckshot. You don’t have to
believe that light really is buckshot. But to form mental pictures of
light, it is helpful to use a buckshot model. This model of light is called
the particle model.

Scientists have found it useful to think about light from the sun or a
light bulb as streams of particles even smaller than atoms, moving out in
all directions from the source. The more particles striking your eye per
second, the brighter the light appears. The farther away from the light
you are, the fewer are the particles that reach your eyes, and so the
dimmer the light appears.

18 . 19



Scientists sometimes find it helpful to think of a wave model of light as
well as a particle model. Waves hehave in some of the same ways that
light does. Light from the sun or a bulb can be thought of as waves mov-
ing outward in all directions from the source. Like waves on water, the
closer to the source, the larger and stronger are the waves that reach
you; the light appears brighter. Farther from the source, the waves are
spread out and smaller; the light appears dimmer. You see the light
only as long as the waves strike vour eyes.

Again, you don’t have to believe that light really is a wave of something
traveling through space. But the familiar behavior of waves on a pond
may be a useful picture to keep in mind when vou think about the
characteristies of light.

The wave model and the particle model of light are based on familiar
objects. But dow’t mistake models for the real thing. Models serve as
convenient ways of helping vou visualize something vou can’t otherwise
imagine easily.

WAVES ON WATER

@ Use a large, flat plastic tray, to make a ripple tank. Place the tray
on an overhead projector. Pour in water until it is one-fourth inch
deep. Dip your finger into the water to make waves. Focus the
projector on the ripples until they produce dark shadows on the
screen.

Y s : : 20 19
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Now make some point source wave. Dip the eraser end of a pencil
into the water at regular intervals. Using a regular dip-and-lift
molion, practice making waves until you can produce a smooth
series of vipples moving outward. Study the way the waves move
by waltching the screen. Notice that waves reflect. They bounce off
the sides of the tray.

Place wads of cotton around the edges of the tray 1o keep the waves
from reflecting too much. Place a barrier of paraffin in the ripple
tray. Notice what happens to waves that strike it. Does the barrier
cast a shadow?

Make waves at opposite ends of the tray at the same time with two
pencils. Do waves pass through each other?

20
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Make some straight waves by gently rolling a candle back and
forth at one end of the ripple tray. Pulse the waves with a steady
beat and wateh them cross the screen,

Now mold a clay barrier in the curving shape of a parabola
you see in the illustration at the bottom of page 20.

Place the curved barrier at one end of the tray. Make a single
straight wave at the other end and carefully observe the reflected
wave. A bright spot shows where the reflected waves all cross al
the focus of the barrier.

MORE WAVES

An excellent way to watch waves is with a Slinky. Fasten one end
of the coil 1o the bottom of a table leg and stretch the Slinky along
the floor. Move the other end from side to side across the floor
with a regular rhythm, Wateh the waves as they travel along

the coil.

wavelength.

wavelength

Each wave you make has a crest and a trough. The distance from

- the top of one crest to the top of the next crest is called the wave-

length of the wave. [s the separation between troughs the same as
between crests? Move your hand at different speeds to make waves
that have different wavelengths, Make a single wave and watch
what happens when it hits the table leg. Does a wave on a Slinky
behave like a water wave?

B}
LT
P
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@ Make a barrier with a ruler halfway down the coil. Press the ruler
firmly to the floor while someone makes a wave. Is there a reflec-

tion? Is there a shadow? )

@ Next, have someone else hold one end of the coil while you hold
the other end. On signal, each person makes a single wave. Do the
waves stop cach other? Now one person makes two waves in quick
succession while the other makes only one. Do they pass through

ecach other?

The wave model helps us visualize how light gets from one place to
another. Waves can be reflected, leaving shadows behind, Waves can

pass through one another, and they can be focused.

The particle maodel can do all these things, too. Particles can he pro-
pelled from here to there. They can be reflected to form shadow zones.
Il we make particles small enough, streams of them pass through each
other. A concave mirror can reflect a stream of patticles to a focus.

23
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Do you need both models of light? Or can you get along with just one?

\ B v as NNV
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Put both models to a further test. Find a situation in which a stream of

particles will act in one way and waves in another. Then we can see how
light behaves in the same situation.

Think about light going past the edge of a wall. Visualize first the
particle model and then the wave model. If you imagine light as a stream
of buckshot passing the wall, what sort of shadow would you expect?

Look more closely at what happens to a wave passing the edge of a
barrier. Place a paraffin block halfway across the ripple tray, as
you see in the drawing above.

23
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With a candle, produce straight waves at one end of the tray just
as vou did before. Observe what happens to the waves as they pass
the edge of the block.

Here is a case where the particle model and the wave model predict
different events. In one model there should be a sharp shadow without
any bending at the barrier. In the other model you will observe some
bending around the edge, called diffraction.

@g} In your ripple tray, set up a barrier of paraffin blocks with a navrow
opening, as shown in the illustration below. The opening should be
about one-half inch wide. The paraffin blocks should fit snugly
against the edges of the tank. Place cotton wads around the rim of
the tray to prevent reflection.

Now make regular straight waves with the candle and wateh them when
they pass the opening in the barrier. Does it appear as though new waves
are being made with an imaginary pencil located at the slot? What
shape are these waves? Can you explain why? Try to make a drawing
of what happens.

Imagine that someone climbs to the top of a flagpole and pours several
buckets of buckshot pellets toward vou in a steady downpour. You are
safe beneath a shield in which there is a single hole. Nearly all the
pellets bounee off the shield, but a few of them fall through the hole.
Would you expect the stream to spread out after going through the
hole, the way waves do?

Suppose there are two holes in the shicld. As the picture on page 25
shows, the two streams of pellets coming through the two holes do not
interfere with cach other. What would you see on the ground? What if
the pellets streaming through the holes were particles of light?

25
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In your ripple way, make a paraffin barvier that has two openings
instead of one. The openings should have the shapes and dimen-
sions shown in the illustration on page 26. It is difficult to make

regular waves with a candle. Far better waves can be made by

e "{.:‘r' “.

blowing steadily and gently through a dvinking straw. Hold the
straw at an angle with one end just touching the water. Divect
your stream of air toward the point of the middle barrier. Carefully
observe the pattern of overlapping waves beyond the barvier.
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drinking straw

1 in.

What really happens when water waves cross each other? The ripples
in the tank are so small and moves so quickly that they can’t be
examined carefully. We need an instantaneous snapshot of the

situation.

barrier

Look at the next diagram. The solid curves represent the crests of
waves coming from each opening. The broken curves represent troughs.
Look straight outward along line 4. Notice what happens at each place
you see a crest or a trough. Look outward along lines B and C.

26

o

-3



Along lines A, B, and C, you will see two cresls or two troughs meeting.
Suppose the waves coming from each opening have crests one fool
high. How high would the combined crest be? If the troughs are one
foot deep, how deep would the combined trough be? The drawing
below helps explain how crests and troughs reinforce each other to
construct bigger waves. This is called constructive interference.

crest
wave from
=
hole no. 1 7 trough 2 //‘ .
7 LY, 7
and
crest crest crest .
wave from - K -
holeno. 2 » trough trough 2,
A . TN
equatl
crest crest crest

FA” L,
com‘bined_ // //
wave. 7////A trough : trough i/ ﬁ

i % 0%
% TR A

CONSTRUCTIVE INTERFERENCE

\
NRBH

Look again at a ripple djagram. This time refer to the diagram at the
top of page 28. Look outward along the dotted lines D and E. What
happens at each place you see a crest or a trough?
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Along lines D and E, each time you see the crest of a wave coming
from one hole you also see the trough of a wave coming from the other
hole. You are on a crest and in a trough at the same time. What occurs
when crest meets trough? Suppose each wave has crests one foot high
and troughs one foot deep. The drawing below helps explain how crests

and troughs cancel or destroy each other. This is called destructive

interference.

__ crest crest crest
wave from . . -
hole no. 1 {,/////; trough// // trough ////////\
5 £, 4
e s s A e A
and
B crest crest X
wave from 5/ 7
hole no. 2 grougry I trough trough
) . 2 Z
LA A Z 77N
equal
canceled o r
> v
" 727707 77

DESTRUCTIVE INTERFERENCE

@Examine Plates A and B. (These and other plates for these ac-
tivities will be available from your teacher.) The curved lines
represent crests of waves that radiate away from the dot at the
barrier hole. Troughs lie midway between the curving crests. Turn
Plate A over so that you are looking at it from the reverse side. Fit
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it on Plate B so that the base line and vertical mark on A coincide
with the base line and vertical mark on B. Look down on the
plates [rom u distance. Notice the pattern of light and dark bands.
Light paths show where crests cross each other: dark paths show
where crests and troughs cross,

@ Look again at the wave paltern of interfering ripples. Use the ripple
tray with the two-hole barrier. Blow gently and steadily through
the straw. Look carefully at the wave pattern. Try to identify the
paths of destructive interference, where there are no waves. Look
at the paths of constructive interference, where there are strong

waves,

Here is another example of how waves and particles behave in different
ways. Particles go through two holes in straight lines. Waves interfere to
produce paths of strong waves and paths of no waves.

30 29
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THE CRUCIAL EXPERIMENT

So much for buckshot and ripples. What about light itself? Send light
through' two small holes. Will it behave as particles or waves? If light
behaves as particles, what would you expect to see? If it behaves as
ripples, what then? How would you identify a path of no light waves?
Lets see how light behaves.

@Usv a sharp pin to make a paiv of tiny holes in a piece of heavy
paper aboul two inches square. Make the holes as small and as

close together as you can. Peer through the holes at the tiny light
bulbs you used hefore. Stand at least ten feet away from the bulbs.
Rotate the card as you look. Deseribe what you observe about the

light coming through the holes.

Does your observation of the interference of light correspond to the
interference of waves in the ripple tray? Your source is no longer waves
caused by air from a straw, but is light from a bulb. Instead of openings
in paraffin, your openings are now holes in a barrier of paper. Water
waves pass through holes and interfere in the space beyond. Light
passes through holes and interferes in the space between the barrier
and your eve. You see bright bands where constructively interfering
waves come Lo your cye. The paths of no waves lead to the dark places
in between,

For explaining interference, the wave model works well, but the

particle model does not. For explaining reflection and crossing light
beams, these two madels work equally well. As vou will fater see, there
{ 1 ) )
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are times when the particle model works better, Sometimes, however,
neither model seems 1o do the job of explaining the behavior of light.
For light is neither buckshat nor ripples. Light is light and nothing else.

\'/‘

G
|

ON YOUR OWN

This activity shows how mirrors reflect light. Make a slit one-
sixteenth of an inch in a circle of cardboard and 1ape the circle on
the lens of a flashlight. Tape a flat pocket mirror upright afong the
end of a table. Place the edge of a protractor against the mirror

cardboard disk
with e in. slit
to be taped to lens

black
paper

protractor

flashlight
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and slide hluek paper under the protactor. Dacken the voom. Hald
the flashlight so that the vertical beam from the shit strikes the
mirvor al the center of the proteactor. Hold the light elose to the
mirvor, Read the angle where the heam erosses the protractor — the
angle between the beam and the mirvor. Also read the angle
where the beam veflected from the mirvor crosses the protractor.

Now move the light so that the beam crosses at 10°, then 20°, and
soon. Read the angle of the reflected beam cach time. Make a
statement about how the angle of the incoming beam affects the
angle of the reflected heam,

The clay barrier in this chapter is in the shape of a parabola,
One interesting property of a parvabola is that all parallel light
beams, direetly striking a reflector 1o this shape, are bounced
back to a point. This point is called the focus of the parabola.

What would happen if a source of light weve placed at the focus?
What would the paths of the reflected heams be like?
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CHAPTER 4

The Electromagnetic Spectrum

One problem in seeing the interference of light through two pinholes
is that the light is very faint It wonld he better it we could nse many
more holes close together in a row. Then mch more light conld

pass throngh,

@ Draw a straigh: line ona picee of paper. Using a shavp pin, make a
row of ten tiny holes along the ine as evenly spaced and as close

together as po sible.

Now looh at the Christmas tree light bhulbs through the row of holes,
Do things look any different throngh a bavrier with many holes
than they did through a barrier with only two holes?

Many holes or slits let more light pass throngh. The interference
pattern is therefore brighter than one seen with just two slits,
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I you looked at a diffraction grating with a very powerful microscope,
vou wonld see thousands of grooves in the sheet of plastie. The spaces
between grooves act fike slits. Light can pass through them. A grating is
tike u barrier with many slits instead of just two. Refer 1o the dingram
on page 33,

The slits in the plastie grating are very close together. What effect does
the placing of the slits have on the interference pattern? Plates o and B
will show vou.

%}ann Plute 4 over and place it on Plate B, so that the base lines
coincide, This time move A horizontally across B. What happens
to the paths ol constructive inlerference as you move the slits
closer together? As you move them farther apurt? Remember that
the waves on Plates A and B have the same wavelengths, How
should you locate the slits on a barrier if vou want the interference
paths to spread out at wide angles? At narrow angles?

N
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This activity shows that if the slits are very close together, the paths of
constructive interference are spread much farther apart. The slits in
the plastic grating are so close that 13,400 are crowded into ene inch.

LIGHT AND COLOR

Like water waves, light waves interfere with one another. Like water
waves, light waves must have wavelengths.

But there is something new when licht waves interfere: colors.
tal tal

Make a 2 X 2-inch slide of cardboard with a long. narrow slit
about one-sixteenth of an inch wide. Place it in a slide projector
about three feet from a sereen, and focus the image of the slit on
the sereen. Hold a piece of grating over the front of the projector.
Turn the grating until the spectra are horizontal.

e
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The whitish Hght from the projector contains tight of all colors and is
nota pure and simple thing 1 you combined the colors of the speetrum,
youwoubd have whitish light back again, The light that reaches us from
a fashtight bulb, or from Sivins, or froncaslide projector is alwavs a
mixtire of colors Youseldom see Tight that contains just a single color.

Can the wave model of Tight telt us anything about colors? Why they are
spread out ina band? You can start 1o look for answers to these ques-
tions by carefully observing just how lght of different colors hehaves
as it beaves the grating.

Mount the plastic grating on the end of an obd book or box. Use
tape. The wrating should be tevel with the surface of the book.
Cut the slot out of Plate € Place Plate ¢ on the book so that the
mounted grating fits into the shot.
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Onee move phaee in the projector the 2 X 2ineh cardbowrd square
with the slit cut into it, With the projector about twa feet from the

plate C

slot in plate C

grating, shine the narrow heam of light along the 0° line on the
paper. Prop up the flap and focus the light on it. Adjust the pro-
jector so that the beams of colors can be seen along Plate C.

—_— e
grating [
NS

.

Look at each spectrum that emerges from the grating. Observe
the angles that different colors of light make as they leave the
grating.

In a table, record the colors found at each angle —12°, 13°, and

on through 21°.
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Red light travels away from the grating in one direction, green light
inunother Light of each color moves away in its own direetion,
and steikes the sereen o litle to the side of it neighhor to form the
spectrim,

But why should waves of ved Tight take a path different from green? Why
don’v-all colors of Tight follow the smme path aned all strike the sereen
at the same place? Lot us ookt drawings of wave Patens again
for clues.

no wave no wave
wave \‘ wave | wave

i
i

measure this angle

The two interference patterns called Plates D and E are provided.
They are drawn with different wavelengths, but the holes are the
same distance apart on the two plates. What difference in the
patterns of interference can be noted?

With a ruler, measure the wavelengths on each plate and enter
the measurements in a table. On each plate measure the angle
between the paths of constructive interference. Record the size
of each angle next 1o the corresponding wavelength,

Which wavelength gives more widely spaced paths of waves? Tell
how wavelength makes a difference in the interference pattern

of waves and no waves.

Suppose that light with both wavelengths D and E is coming through
one pair of slits at the same time. Light of wavelength D strikes the

38
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seroenin cectin phvees, Light of wavelength B ostrikes the sereen in
cortin plaees, Do they both strike ot the same pliees?

Taen Plate 1 over and plaee it on Plate £, Make the holes coins
cide, Compare the pathw af lighty Where do you see only light af
wavelength K2 Wheee woukd you see dight of hoth wavelengths
D and K rogether?

The model predicts that i Hight behaves s noset of waves with a mixtore
of wavelengths, it will be spread into bands after panssing through o
srating, Faceh different wavelength will he separated from the others,

A
v
white light l.' . white light
IR~ it
1 (s

R

What can you now conchude about the wavelengths of red and violet
. Lol

ght? Which are fonger? As vou “move™ from the red end of the spee-

trum to the violet end, what happens to the wavelengths?

The white light coming from the projector is a mixture of light of many
different wavelengths, After passing through a grating, light waves
interfere and spread out according to their wavelengths. Violet light
has the shortest wavelengths and red the longest.

FINDING WAVELENGTHS OF LIGHT

Now you know that the wavelengths of red light are longer than those of
orange light and blue wavelengths are longer than those of violet, But
how long actually are these wavelengths? Again, drawings of wave
patterns ean show you how to find the answers,
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Look al your memsuvements of the angles that different eolom of
light made an they Teft the geating. Whioh color moved away al
1A% We will now find the wavelength of this particular color of
Iu,lu, using PMlate 1) 10 help,

You have already measnired the wavelengths of the waves on
Plate D0 Now measure the distance between the hamier holos,
What is the ratio of the wavelength to the distanee between holen?
The wavelength over the distanee between holes equals what?

How nuny times simabler is the wavelength compared with the
separation hetween the holes?

What would Plate D ook Tike il it wepe shrunk 1o only hall-size?
The holes would be only half as far apart, Wave erests would also
be half as far apart, therefore, the wavelength wounld be hall as
long. Changing the scale of the diagram, then, doesn't ¢ hange the
ratio of the wavelength to the distanee hetween holes. You ean
prove this by measuring the new hole separation and wavelength
on the hall-size drawing,

When you change the size of the diagram, what happens to the
angles between the paths of constructively interfering waves?
Cheek your guess by laying Plate D over the half-size drawing.

Fularge or shrink Plate D as mueh as yvon wish, but two quantities
always remain the sames the ratio of we welength o distance hetween

~holes, and the angles between paths of construe tively interfering waves.

Here is a clue to finding the wavelength of the light that left the gral-
ing at 15° Your measurements have shown you that there is also a path
of (onslrmllvelv interfering waves at 15° on Plate D. Then you can
think of Plate D as u greatly enlarged model of the grating and light
waves. Plate D shows that the ratio is % when the waves construetively
interfere at 15°.

Onee you know the distance between the “holes™ in your grating, you

ran divide it by four and find the wavelength of 15- degree light. Since
lhc plastic grating has 13,400 slits to the inch, the distance between
“holes™ is Yisa00 inch. The wavelength of the 15-degree light is four
times smaller than this: ¥a,e00 inch.

Scientists have been able to measure the wavelengths of light by
measuring the angular directions followed by light of different colors
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after the light has passed through a grating. The wavelengths are
wavelengths of violet light are near Ye3,000 inch. It would take about
36,000 crests of red light or about 63,000 crests of violet light to form

/ N
extremely small. Red light has wavelengths of about 36,000 inch. The
a train of waves one inch long.

viotet green e@f—)
< —> —>
blue yellow red
> & >
ngstrom units
i T LD T T T L T 1
I500A 4000A 4500A 5000A 5500A 6000A 6500A 7000A 7500A
¥

The inch is an inconveniently large unit to use to indicate wavelengths
of light. When scientists measure extremely large or small quantities,
they use different units. One of the units for wavelengths is called the

40
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Angstrom (ANGH-strum) tmil. The letter A is the abbreviation for the
Angstrom. Red light has wavelengths of about 7000 A; violet, aboul

4000 A.

BEYOND THE RAINBOW

Are there any waveleygths shorter than violet licht? Are there an
) £ 8

longer than the longes| red wavelengths that vou can see? How could

vou detect waves that qre invisible to your eyes?

Paint the buths of eight identical alcohol thermometers with dull
black paint. Cut two rubber bands and staple them to a piece of

cardboard, as shown in the diagram below. Draw a horizontal line
between the two rybber bands. Insert the thermometers in spaces

M 2
11 r‘*/ Y : Y I
‘ \S}&PIGS

room temperature

rubber band

x_/

L* buips Painted black

beneath the rubbey bands so that the top of each aleohol column
is just at the line, This line represents room temperature. Now
tape the cardboard aud thermometers to the inside of a small
carton,
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Place a 200-watt clear bulh about three feet from the carton.
Mount a three-inch magnifying lens level with the filament of the
bulh. Focus a clear image of the filament on the inside of the box
by adjusting the position of the lens either closer to or farther
from the bulb.

carton with

200 watt bulb thermometers

Hold a white card between the lens and the box. Move the card
until the spot of light is about the same width as the 60° prism.
Place the prism upright at this location with one angle pointing
toward the light. The prism must be level with the lens. Remove
the card. A spectrum will be directed out of the prism to each side.

1 T

barrier blocks P
direct light during : "
measuring

._r —
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Now position the carton so that the lefi-hand spectrum falls on
the thermometers. Rotate the prism slightly until the spectrum is
clear and sharp, One of the middle thermometers should be just
within the red region of the spectrum, but the next one should be
outside the red, Place a barrier beside the box to prevent direct
light from striking the thermometers,

Turn the famp off and allow the thermometers to cool to room
temperature. Adjust the thermometers if the aleohol columus are
not even with the line.

Turn on the light and do not disturb the apparatus for 10 minutes.
Now read the themmometers. Which thermometer records the
highest temperature? Did the focused visible light from the
filament fall on this thermometer?

Something caused the temperature in the zone just beyond the band of
red to rise. Something besides visible light traveled from the bulb, was
focused by the lens, passed through the prism, and fell on the ther-

moineters.

You have detected radiation that is vedder than red. The bulb radiates
more than the light you can see. Beyond red light there are longer
wavelengths called infrared radiation. Although our eyes cannot re.
spond 1o it, thermometers do respond. Infrared radiation includes a wide
band of wavelengths from 7500 A 1o about 10,000,000 A, or 1 millimeter
in length.

Thermometers cannot detect wavelengths longer than infraved. These
longer wavelengths are radio waves and radio receivers are needed to
detect them. Radio waves from broadeasting antennas move through the
atmosphere 1o your antenna. Your radio is sensitive to wavelengths of
[50-160 feet—much longer than the very short wavelengths of visi-
ble light.

Radiation with wavelengths shorter than violet light is called wltra-
violet. The wavelengths of X-ray radiation are shorter still. Gamma
radiation has the shortest wavelengths of all.

As you will find in a later chapter, radiation with wavelengths much
shorter than violet cannot penetrate the earth’s atmosphere. Astrono-
mers must send instruments aloft in rockets and man-made satellites
if they are to record the ultraviolet. Xerays, and gamma rays coming to
us from the depths of space.
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The entire band of waves, from the shortest to the longest, is called the
electromagnetic spectrum. Your eyes respond only to a small part of this
spectrum. There is more to the electromagnetic spectrum than meets
the cye.

visible light

itraviolet "/ infrared
gamma rays :/_I_X_T_E_ﬁ:l:—g\; E :( radio waves -
A AR R )

shaded areas show regions of spectrum blocked by the atmosphere

ON YOUR OWN

@A phonograph record can serve as a grating. But ‘when you use
it, yvou will look at light that is reflected off the record, rather
than transmitted through it. Look at light from a lamp across
the room. Hold the record so that the light strikes it at a glanc-
ing angle. The reflected light waves interfere exactly as trans-
mitted light waves do.

v VA NN SN

@Muke a slit one-sixteenth of an inch wide in a circle of card-
board and tape it on the lens of a flashlight. Fill a deep, trans-
parent refrigerator dish almost to the top with water. Place a
few drops of milk in the water. Rest the lighted flashlight on
one rim of the dish so that the narrow beam shines directly
down into the water. The beam should shine along the side of
the dish. Now darken the room completely. Is the beam bent by
the water when the light is shining straight down?

Now tilt the flashlight so that the beam strikes the water at
different angles. Keep the fashlight resting on the rim. How
does the angle affect the bending of the beam at the surface of

44
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the water? In what direction is the light bent? The bending of
light when it passes from one transparent substance to another
is called refraction.

flashlight &3 ;.

@QA prism spreads white light into a spectrum because the light
is refracted as it passes through the glass. First the light is
bent as it enters one side of the prism at angles. It is hent a

colors are refracted
different amounts white light

nonparallel sides=>

second time, and in the direction, as it leaves the prism hecause
the exit surface of the prism is not parallel with the entrance
surface. Longer wavelengths are bent less than shorter wave-
lengths: red is bent less than violet.

46 45
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CHAPTER 5

The Continuous Spectrum

Hot filaments of electric light bulbs radiate many wavelengths. The
spectrum of their radiation shows all colors, with no gaps. It is a con-
tinuous spectrum. Can the continuous spectrum give any clues about
the body that radiates it? Light bulbs appear to radiate only if they are
hot. Let us begin our search for clues by looking for changes in the
appearance of the continuous spectrum when the temperature of the
source changes.

Place a strip of friction tape along each edge of a wooden ruler.
Carefully wind about 12 feet of No. 30 uncoated steel wire around
the ruler. The turns of wire must not touch each other, Tape both
ends of the coil so that it will not anravel, but leave about two
inches free on one end of the coil.

Mire a 1.5 miniature bulb in a socket. Connect one wire from the
socket to the free end of the coil. Tape the other wire sccurely
to the base of a flashlight cell with electrician’s tape. Regulate
the current through the bulb by inverting the cell and sliding the
top contact across the coil. Darken the room as much as possible
and observe the light from the bulb.

27
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As more current goes through the bulh, the filament grows hotter
and the light it emits becomes brighter. As the current decreases,
the filament becomes cooler and its light grows dimmer. The
brightness of the light depends on the temperature of the filament,

Now observe the light throngh a grating. To nke the spectrum
easier to see, place a picee of black paper so that it makes a dark
background for the spectrum. To eliminate stray light, eup your

hand around your eve,

brightness

Examine the spectrum carefully when the bulb is brightest. Do
the color zones seem equally bright? Lower the current stightly.
Are all colors as bright as before? Decrease the current bit by bit.

! |

v-b g yo r v-b g yo r v-b g yo r

COOLER HOT HOTTER

Are any colors fading more than others? What colors remain when
the spectrum is barely visible? Now observe the changes again,
starting when the bulb is dimmest and coolest. Describe how the
spectrum changes as the temperature of the filament changes.
These changes can be illustrated roughly with the type of graph

shown above,

[
@9)
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You have seen that cooler objects radiate most of their light in the red
region of the spectrum. As the temperature is raised, more and more

blue is evident. Can these ideas lead to
the stars?

a better understanding of

. Sirius

Betelgeuse (BET-'|-jooz) is the bright red in the winter constellation
Orvion (oh-RYE-un). Rigel (RYE-jul) and nearby Sirius appear bluish
Farther north in the winter sky, Capella (kuh-PELL-uh) shines yellow-
white. Are the colors of these slars clues to their temperatures?
Betelgeuse must be cooler because its vadiation is mostly in the red
or orange wavelengths. The bluish color of Rigel tells us that it must be
hotter than Betelgeuse. What about Capella?

v-b g yor v-b g y-o' r
Sirius Capella Betelgeuse
Rigel =

, =¥ hottest
Sirius fatis
- coolest
Capella = N
Betelgeuse
- ultraviolet i visible i infrared .
29
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The color of Rigel suggests that it is the hottest of the four. It is so hot
that the blue radiation is stronger than any of the other colors. Think
back to your observations of the light filaments. As you made the bulb
hotter, the shorter wavelengths became brighter. If you could have
heated the filament 1o higher temperatures without melting it, the short
wavelengths of blue and violet would at last have outshone the wave-

-lengths of other colors. The colors of the stars give us a clue to their

temperatures,

PLANCK CURVES

So far, you have used only your eyes to detect radiation. But eyes see
only the visible wavelengths. What are the other wavelengths doing as
vou raise the temperature of the radiating fitament?

To find out, you would need detectors that can “see” in all the wave-
lengths throughout the electromagnetic spectrum. Heat detectors could
be used in the infrared. Photoelectric cells could detect the ultravioltet
and visual wavelengths. Radio receivers could measure brightness in
the radio wavelengths. Physicists use a variety of delectors to measure

the brightness of an object al every wavelength in the spectrum.

Graphs that show the brightness of an object’s radiation at different
wavelengths are called Planck curves, after the German physicist Max
Planck (PLAHNGK). He was the first to offer a theory to account for
these curves at about the year 1900.

Look carefully at the Planck curves in the diagram. There are many
things to notice about the way the curves change as the radiating body
grows hotler. Perhaps the first difference you notice among the curves
is the greal change in their sizes as the temperature rises. How does
this agree with the way you observed the brightness of the light-bull,
change in visible wavelengths?

What do the Planck curves show about the way the color of a radiating
body changes as it grows hotter? Do the blue and violet wavelengths
get brighter than the red? Radiation from extremely hot objects is rich
in untraviolet and even X rays. The'cooler objects emit too little radia-
tion at these short wavelengths o measure.

Notice the point where each curve is brightest. How do the peaks of the
curves differ? In what direction does the peak wavelength move as the
radiating source hecomes hotter?

o
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ABSOLUTELY

I left o itselly a hot objeet will cool by radiating away its heat, The
light bulb you were observing cooled down to the temperature of the
room soon after the electricity was trned offt It could not have grown
cooler than the room because its surroundings would then warm it back
to room temperature. They are radiating too. At room temperature the
bulb continued to radiate, but what it was giving up to its surroundiitgs,

the radiating surronndings were giving back at the same rate.

bmagine a light bulh suddenty extingnished out in the middle of no-
where, far from any person or abject, It would radiate away its heat and
its temperature would fall, As its temperature fell, it would radiate less
and less hrightly, and its radiation would oceur mosthy in the infrared
and radio wavelengths, In time it would become so cold that its feeble
radiation would diminish to nothing at all. It could grow no colder.

This thought experiment has led us to an extremely important idea
about temperature, An object has fallen to its lowest possible tempera
ture when it no longer has any heat to radiate away. Physicists call the

temperature at which objects can no longer radiate absolute zero.

0° centigrade

T
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i
|
|
'
0° Fe.;hrenheit
e T
(32|°F)
|
1
|
0° Kelvin . . ! . X ,
- T T v 1 LA R
0°K 100°K 200°K A 300°K 400°K 500°K
absolute (273°K)
zero water
freezes

What is the temperature of absohute zero? Zero, of course. But it is not
the zero most of us are familiar with. Many of onr thermometers indicate
Fahrenheit temperature. On these, waler freezes at 32° and boils al
212° On centigrade thermometers, water freezes at 0° and boils at
100°. But 0° C is certainly not absolute zero. Absolute zero, the tempera-

.

ture at which all radiation ceases. is —460° ' or —273° (.
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Scientists have found it convenient to use a thermometer that places
zero at absolute zero and marks the degrees with the same scale used
on the centigrade thermometer. Temperatures read on such a ther-
momelter are given in degrees Kelvin. Water freezes at 273° and boils
at 100° hotter—at 373° K.

—-460 -279 -99
Fahrenheit

N
N

water freezes

- e e o ZEE R @
water boils

centigrade
-273

—

PR = T
o

absolute | scale
0 100 200 273 300 373 400 500

[

Kelvin

TEMPERATURE FROM COLOR

Temperature determines the characteristios of an object’s continuous
spectrum. How can you use the continuous spectrum as a themometer
to tell the temperature of the body that radiates it? We have already
talked about a method — observing the color of the radiation from the
source. Now let's see how we can actually rvead this themometer in
degrees.,

Look at the Planck curves in the diagram on pages 54-55. You know
how changing the temperature changes the hrightness of one color
compared with another. Suppose you compare the brightness at two
wavelengths, say near 4000 A in the violet and near 7000 A in the red.

With just these two measurements you can learn the temperature of
the source. '

@ Use a millimeter ruler to measure the height of each curve at
4000 A and 7000 A. Record the measurements in a table. In the
first. column of the table enter the four temperature readings.
In the second column record the height at 4000 A, and in
column 3 the height at 7000 A.
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You can now compare brightnesses at these two wavelengths for
cach temperature by finding this ratio:

height (in mm) at 7000 A
height (in mm) at 4000 A

= brightness ratio

In the fourth column of your table enter the brightiess ratio. Now
can you think up a general rule that will describe how the
brightness ratio changes with the temperature of the source?

Suppose you measured the brightness ratio for a star and found the
ratio to be 2. What would you expect the star’s temperature to be? What
if the ratio were 1?7 Would the ratio for bluish Rigel be larger than 1?

Can you see how the brightness ratio enables the temperature to be
determined? Astronomers frequently find the temperature of a star this
way. They call it the color temperature because they find it from the
star’s color.

- TEMPERATURE FROM PEAKS

The Planck curves show us another way to use the continuous spectrum
as a thermometer. They show that the brightest wavelength changes
witlt temperature. As we go to hotter sources, the highest part of the
Planck curve moves steadily to shorter wavelengths. In the last century,
Wilhelm Wien (VEEN) discovered that the peak wavelength multiplied
by the temperature always came to the same number when he used
Angstroms and degrees Kelvin for the units,

From the Planck curves, verify that Wien’s relation is correct.

Fill in a table with your results. Column 1 will show the tempera-

ture readings of 2000°, 3000°, 3500°, 4000°, and 5000° K. Enter

the peak wavelength for each temperature in column 2. Calculate

the product of the peak wavelength and the temperature of each

case and enter the product in column 3, What is the nearest round
“number for the products you show?

How can we use Wien’s law to deternmnine the temperature of a star?
Very simply. First, find the wavelength at which the continuous spec-
trum from the star is brightest. Then divide this number into 29,000,000,
The result will be the temperature. For example, if the peak wavelength
was 4000 A, the temperature of the source must he 29,000,000/4000,
of 7200° K.
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The peak of the Planck eurve for the sun is at about 4900 A, in the
green part of the spectrum. What is the temperature of the sun?

This methad seems to be a very easy way to find the temperature of a
star. Too often, however, the density of the earth’s atimosphere keeps ns
from using it. Stars much hotter than the sun have their brightest wave-
lengths far in the ultraviolet. The atmosphere absorbs these wavelengihs
as they approach the earth’s surface, and they do not reach us, We
cannot observe the wavelengths at which hot stars have their greatest
brightness. For these stars, we must rely on a brightness ratio 1o
determine their temperatures.

Planek curves contain several chies which help us determine the
temperature of the stars. We can determine temperatures from eolors;
we can determine temperatures from the peak of the curve. The follow-
ing table gives some temperatures for stars determined from these
relationships.

Star Temperature (°K)
Betelgeuse 3.000
Barnard’'s Star 3,000
Capella 6,000
Sun 6,000
Sirius A 12,000
Sirius B 12,000
Spica 20,000

\\ 10,000,000 Angstroms to radio wavelengths

r + ¥ ¢+ 1 1 v+ ® T+ IO Tr@rPBrrrrrrTroeTk.-T
25000A 30000A 35000A 40000A
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ON YOUR OWN

[ZQSlurs in a constellation are conmonly named with Greek letters.
Relow is a diagram of the constellation Cassiopein (KASS-ce-oli-
PEA-uh). Also, in the table helow. the peak wavelengths of each of
the sturs in this constellation. Using Wiens law., figure out the
temperature in degrees Kelvine Round it off 1o the nearest thou-
sand degrees. Copy the table and fill in the blank spaces,

Star in Peak Wavelength Temperature (°K)
Cassiopeia (in Angstroms)
« (Alpha) 5800
8 (Beta) 4100
y (Gamma) 1600
5 (Delta) 3400
¢ (Epsilon) 1300
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CHAPTER 6

Trading Temperatures for Size

Stars commonly come in pairs. These binary (BYE-nubi-ree) stars can be
found in great numbers in all parts of the sky. The two stars of a binary
system are usually very close together. The members of a star-paiv may
be as close to each other as the carth is to the sun. For this reason the
two stars attract cach other with great foree. They orbit each other

endlessiy.

Most binary stars appear only as a single star to the unaided eve. Only
through binoculars and telescopes do they show up as two stars. Mizar
(MY-zar). in the bend of the handle of the Big Dipper, is a binary. So is
Albireo (al-BYE-ree-oh) in the constellation Cygnus (SIG-nuss) the Swan.
A very interesting binary star is Antares (an-TARE-eez), the bright red
star which appears in the constellation Scorpius (SCORE-pea-us). You
can casily see Antares in the southern sky during the summer months.

Antares does not appear double to the unaided eve. But the telescope
reveals that it has a faint blue companion star. Thus, Antares really
consists of a very bright reddish star, the one vou can see, plus a faint,
hard-to-see blue companion. The red star is called Antares A; the other.
Antares B. When astronomers determine the brightness ratios of these
stars, they can find the temperature of each. The reddish star has a
temperature of about 3000° K; the blue star is about 15,000° K.
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Aninteresting faet is revealed when we measuve the overall brightness
of these two stars, The cooler one is sending us about 40 times as mueh
radiation as the hluish one, even though the bluish star is hotter. How
can we account for this observation? Why does the cool star send us
more light than the hot star?

Distunce could play a role. The farther away a radiating bady is, the
fess bright it appears. Can Antares B really be far behind, appearing
faint merely because it is farther away than Antaves A? The answer is
no. Antares is a binary star, and the two companions are cach at alout
the same distance from the carth. Distance cannot he the answer 1o

this brightness puzzie.

What else does o star's brightness depend on? We know that the higher
the temperature of an object, the brighter it shines. Remember that
as vou increase the temperature of a light bulb, you increase the
racliation emitted by the bulhb. How much morve radiation do you get
when you double the temperature?

Careful measurements show that when vou deuble the temperature of a
racliating body, 16 times as neach radiatior comes out of the object
through its surface. If you triple the temperatare, the object emits 81
times as much radiation. This means that 81 tmes as mueh radiation
must come out through each square foot of the object’s surf.ce.

Temperature Radiation
increases by iricreases by
a factor a factor
of of
1 1
2 16
3 81
4
5

The table above shows yen o comparison between the radiation
from a square fool oi surface and the temperature. Copy the table
and fill in the Blank spaces. To do this, v will have to discover a
rule that deseribes the relationship betwesn the numbers, Here is
a clue, What are the prime factors of 16?2 What are the prime
factors of 817
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Astronotmers make good use of the relationship that vou have found.
Stars are radiating bodies. The relationship shows how the vadiation
from cach square fool of o star's surdace changes as we look al stars
with different temperatnres,

3000° 1%

9000° 81 x

15,000° gl 625x

Brightness ratios show that Antares A has a temperature of 3000°
and its blue companion has a temperatie of 15,000°, How many
times as wmuch radiation comes from each square foot of the

Chot star as from cach square foot of the cool star?

temperature of

= 3000"
Antares A 0
temperature )
= 15,000°
Antares B 50

temperature of _ § x temperature
Antares B of Antares A

radiation from  ? xradiation
1 square foot of = from 1 square foot
Antares B of Antares A

A square foot of Antares B emils 625 times as much radiation as a
square foot of Antares A. Yet cooler Antares A is the brighter star.
Obviously, temperature cannot solve our brightness puzzle. The
temperature difference does not explain how the cooler star can out-
shine its hotter companion. We must look for something else to solve
the puzzle.
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Antares B

One square foot of blue-hot Antares B
equals 625 square feet of red-cool Antares A,

Antaregs A

When you look at a star, vou see starlight emitted from all the square
feet on the near side of the star. And the more square feet facing
toward you, the more starlight vou will receive, :

(———
to earth

Antares A

Antares B

oe/

surface ot Antares A =625 x surface of Antares B

Af we conld give cooler Antares A enough square feet of surface, we
could make its total radiation add up.to more than that of Antares B,
regardless of the temperature difference. Here may be the answer to
the puzzle. A star’s brightness must also depend on its surface area.
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Suppose that the ved st and the hine st of Antares were equally
hright. How would the surface areas of the two stars then compare? For
cach square Toot of Autares B, cool Antares A needs 025 squire leet

Just o shine as brightly. The surface of Antares A would have 1o he

025 times as large as the surface of Antares B.

IF: radiation from 625 square radiation from 1 square
feet of Antares A foot of Antares B

AND: total radiation _ 40 x total radiation
from Antares A from Antares B

THEN: number of square _ 40 x 625 X number of
feet of Antares A square feet of Antares B

Since the red star is actaally muel brighter— 10 times as hright as the
blue one — it must have an even larger surface to emit so much light.
Lets determine how mueh Larger Antares A is than its fainter sister star.

Antares B

1 sq. ft.

40 of these big patches needed

Antares A for every square foot of Antares B

From your result, can you tell how the diameters of the two stars com-
pare? If you double the diameter of a spheve, the surface becomes four
times as large. Triple the diameter and the surface will have nine times
as many square feet. Surface area inereases with the square of the

sphere’s diameter.

. 82
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You can use this role in reverse. Ithe surface of one star is 25
times as large as the surface of another star, you can find out how
the diameters compare. What number times itsell” equals 257
What if one star has 50 times as much surface as another?

Antares A has 25,000 times the surface of Antares B, Prove that
the diameter of Antares A nst he about 160 times as large as that
of it small blue companion.

ANTARES AND THE SUN

How do the diameters of the Antares pair compare with the diameter of
the sun, the star we know best?

We were able to compare the orhiting Antares companions with cach
other because they are practically at the same distance from the earth,
To compare them with the sun, we must imagine how the sun would
appear if it were placed beside them.

Antares is about ten million times as far from the earth as is the sun, If
the sun were moved to a position beside the Antares pair, the inverse-
square law shows that it would fade to 1/10,000,000% of its present
brightness. Without a telescope, it would be lost from sight. In the
telescope, Antares A would appear about 6400 times brighter than its

new sun (T()lll[)illli()ll.

With the sun and Antares at the same distance, only temperature and
size are left to explain why Antares A would outshine the sun. And
since Antares A's temperature of 3000° is only one-half the temperature
of the sun, Antares A must have a vastly larger surface than the sun.

€3
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IF: 2 x temperature of temperature
Antares A~ of the sun

THEN: radiation from radiation from
16 square feet of = 1 square foot

Antares A of the sun

16 sq. ft. of Antares A =1 sq. ft. of Sun

Antares A would need 16 times as much surface just to be as hright as
the sun. But Antares A is actually 6400 times hrighter, So the surface of
Antares A must be vaster still.

IF:  the total radiation _ 6400 x total
from Antares A radiation from the sun

THEN:  number of square _ 6400 x 16 x the number
feet Antares A needs of square feet the sun has

With a surface this big, the diameter of Antares A is about 320 times
as large as the diameter of the sun. Prove it

OTHER STARS

A star’s brightness depends on its temperature, size, and distance. The
spectrmm gives clues to its temperature. When the distance is known,
the inverse-square law tells how bright the sun would appear if it, 100,
were al that distance. The star’s temperature and brightness give the
clues to the size of the star compared with the sun.
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Star Temparature ("K) Diameter Brightness
(compared with sun)

Betelgeuso 3,000 560 20,000
Antares A 3,000 320 6,400
Barnard's Star 3,000 0.09 0.0005
Arcturus 4,000 22 100
Capella 6,000 12 160
Sun 6,000 1 1
Sirius A 12,000 1.6 25
Sirius B 12,000 0.01 0.0025
Rigel 12,000 60 64,000
Spica 12,000 11 1,600

We cun obtain the sizes and temperatures of many stars even thongh
they always appear as pinpoints of light. Only the sun can be seen as a
disk, but the message of starlight has told us mneh abont the other stars,

yellow-white
Capella
6000°K

brightness equals 150 suns

o
Barnard's Star
1/2000 the brightness of sun

Bete!geuse
brightness equals 20,000 suns

]

Sun
6000°K

ON YOUR OWN

Recall the activity in which you determined the temperatures of
the five stars in Cassiopeia. Refer 1o “On Your Own” on page 56.
How much hotter than the sun is Gamma Cassiopeiae (KASS-ce-oh-
PEA-ce)? Gamma's peak wavelength is 1600 A. Use 6000° K as the
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sun's temperatures How mueh move sdintion is emitied by eneh
suare foot ol Gamma's surfaee than by each squre foot of the
Sun's? Siuee Gammais aboat 8100 times as loninous as the san,
how e move: suefnee aeen mast it have? Fanadly, how do their
dinmeters compure?

Star sun Gamma Casslopeiae
Temperature ("K) 6000
Temperature (sun = 1)
Radiation tor each sq. ft. (T*)
Total Brightness

Surface Area (sun = 1)
Diameter (sun =1)

8100
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CHAPTER 7

Emission Lines

The Tight of o star cancreveal eertain information about it Fven if o
st s dumdreds or thousands of light-vears away, vou can find its
temperature by examining the contindous speetrmn I you ¢an also
determine its distanee, vou can learn its size,

You need to know more before you can paint a detailed portrait of the
stars, F'rom the continuons spectrmn, can you learn what o star is
made of?

@ Get several solids 1o use a8 sourees of light—perhaps a paper
clip, a strip of copper wire, and a picee of steel wire. Make cach
of these objects Tuminous by holding it in the Hame of a gas burner.
lEach object emits aspectenm. Examine the spectra carefully. Are
the spectra formed by these metals different from the spectra
formed by light bulbs? Are they different from one another?

The continuous spectrum cannot reveal what a-source is made of. The
appearance of the continuous spectrum of any object depends only on
the object’s temperature—not on the material in the object. So you
must look for another line of reasoning in order to find out what sub-
stances make up a star.
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There are TOX known ehemieal elements, Some of them —suceh as iron,
silvers and sodinmr —are solidse Others—sueh as hvdrogen, helin,
nitrogen, and osypen=-are gases, Yo can climge sobid sodinm into a
pis with Bitle teoubles AN yon hiave 1o do is boen sabt, which s o comes
podd ol sodivin and ehlovine, bron can ho vaporized —changed o o
gas =il vou ean pet it hot enongh, Perhaps the chaeaeteristios ol an
clement might be more apparent il we examine its spectmm when it is
i gaseons vther thanin solid form, To stndy snele aspeetm, you
need sespeetroscope, Here is how von can haild one,

Gt a onesinelesquare hole in the eenter of cach end ol ashoehos,
Both openings shoakd he the same distanee from the upper edae,
Tape agrating inside the hox over one of the holes, with the gating
Hines ranning up ad down, so that speetea are Tormed from side 1o
side. The divection of the grading Tines can he determined by
tooking at a light souree through the grating,

Make a mounting of o two-inehesguare: picee of cardhowrd. Cul a
vertical slotin it onefourth ineh wide by one inch long. Tape a
single-edge vazor blade on one side ol the vertical shit so that its

edge is paratlel with the shie Catacstrip from an index card. Hobd

g

razor blades

spacer

it upright against the taped blade, and tape another blade as
closely 1o the strip as possible to make the opening between the
blades narrow and paratlel. Use care in handling the razor blades,
Remove thesstrip of card and tape the entranee slit inside the bos.
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68

Paint the inside of the hox flat black with tempera paint to cut
down on reflections. Check your spectroscope by looking at a
light bulli. Do you see a continuous speetrum? Notice where the

spectrum occurs in relation to the entrance slit.

Now make several chemical holders for your spectroscope. First

straighten a large paper elip. Twist one end into a circular loop

using necdle-nose pliers. Foree the other end into a cork.

Set up several spectroscopes around a gas Hame, as shown in the
illustration helow, Adjust thent so that the light enters the ver-

tical slits as vou look through them.

asbestos
sheet

Vaporize some common salt in the flame. Dip the loop of the
chemical holder into some water and then into some salt. A hil
of salt will =tick to the wire. Hold the loop in the flame while

€9
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someone carefully examines (he speetram: of the vaporized saly.

Do you see a continuous spectrum? How does the spectium of a

gas differ from that of a soljd?
The spectrum vou obserye in the flame is called an emission line spec-
trum. The lines are really images of the slit. If vou make the slit wider
or narrower, the cinission lines you see will be wider or narrower, If
you replaced the smooth slip with a ragged one, each emission line
would appear ragged. Because the shit is narvow. the light appears as o
line. Scientists talk about spectram lines. Bat, remember, the hot gas
does not actually emit lines, It js Just the design of the spectroscope
that makes the light appear that way.

@ Observe the emission line spectra emitted by several different
gases, Use the following chemical compounds if you can obtain
them: caleiam chloride, sodium bicarbonate, and lithium chloride.
These compounds permit vou 1o observe the spectra of caleium
sodivn, and lithium, The other components of eacl compound do
not appear. Use a separate holder for cach chemical. Hold the
wire in the flame until jt glows: then dip itin the chemieal. Puy
the holder in the flame again while someone ohserves the spectrum

through the spectroscope. Record the colors of the emission lines

observed for each chemical.

The pattern of emission lines of any element is unique — just as your
fingerprings are unique. Nobody has lingerprints just like vours. Ng
two elements have identical patterns of hright lines.

When vou hold a substance i the flame of a gas burner, the substance
heats up, melts, and then vaporizes. Atoms of the substance become
part of the hot gas of the flame. These atoms radiate light of certain

wavelengths, The light goes out in all direetions. A small part of the
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light passes between the razor blades. through the grating. and into
your eyes. It shows you the unique emission line spectrum of that
kind of atom.

The special selection of wavelengths emitted by cach gas is character-
istic of that particular element. Seientists have vaporized many ele-
ments and photographed their speetra. The unique patterns of lines for
these elements have heen carefully charted. To find what elements a
cortain snbstanee s made of. scientists necd only to vaporize it and
make it glow. Then by comparing its cmission lines to those of known
clements. tiey can identify all of the clements in the substauee, Spec-

tral fingerprinting is an important way to analvze matevials on earth.

I.-_l hydrogen
Y -
_- lithium
—- -sodium
LT L L
1 -

ASTRONOMICAL EMISSION LINES

We cannot take a piece of the sun. or a comet, or Mars and vaporize
itin our classroom to determine what clements are i each. Astronomers
must get their information from the light these objects send out. They
ook for celestial objects that show cmission fines. Then they can

determine the elements in those objects.

In the winter constellation of Orion, the region near the middle star
of Orion™s sword ix of special interest o astronomers. Photograplis
taken throngh telescopes show a bright. fuzzy pateh surrounding a group
of ot biuish stars. The pateh is called the Orion Nehula (NEB-you-luh).
The speetnnm of the Orion Nebula contains a number of emission lines.

Therefore. the nebula cannot be asolids it must he a great clond of
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hot gas, emitting light. The lines in the spectrum show that the light is
coming from atoms of hydrogen, oxygen, and several other elements. The
gas is heated by the nearby hot blue stars.

There are many other bright. cloudlike regions, called nebulae (NEB-
you-liee), visible in the sky. Their true nature baflled astronomers until
a contury ago when William Huggins of England examined them with a
spectroscope. His discovery that the spectra of these nebulae had
emission lines solved the problem of the nebulae,

slit of
spectrograph

There are many other objects in the sky that show emission spectra.
The Northern Lights show emission lines of hydrogen, oxygen, and
nitrogen. We know, therefore, that high in our atmosphere these kinds
of atoms are radiating as a gas.

The spectra of most comets show emission lines, and so we know that
at least part of a comet is gaseous. It is possible to identify the kinds
of elements present in comets. The lines show the presence of carbon,
nitrogen, carbon monoxide, and other molecules.

As meteroids enter the earth’s atmosphere at high speeds, friction
quickly heats and vaporizes them. They streak across the sky in a
flash of light and are gone in a second or two. Astronomers have ob-
tained a few spectra of meteors. Each spectrum shows emission lines.

In the spectra of meteors, the emission lines of iron, calcium, silicon,
sodium, and other elements are found. The chemical elements making
up these celestial visitors are the same elements we know on earth.

7o 4
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ON YOUR OWN

Use the shoebox spectroscope to search for emission lines. Look
at the spectra of fluorescent lights, mercury arc street lights,
neon signs, and so on. Where do you find the strongest lines?
Record your observations.

Spectroscopic analysis of glowing comets enables astronomers
to determine their composition. /
The heat of the sun vaporizes the outer layers of

the solid head. and the gaseous tail

streams out in the direction opposite the sun.
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CHAPTER 8

Atoms and Light

Solid hot objects radiate a continnous spectrm, ot gases radiate at
certain definite wavelengths only, Why are they so different? Indeed,
why do hot things have spectra anyway? To find the answers to questions
like these, we have to go to the heart of the matter —to the atom.

AN ATOM MODEL

We have used two models previously to explain some of the behaviors
of light —a wave model and a particle model. Now let us study an atom
maodel that does a good job of explaining how atoms radiate light. This
madel was first conceived by the Danish physicist Niels Bohr (NEELS
BORE) early in this century.
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Imagine that an atom looks somewhat like the solar system. In the
solar system the planets move in orbits about a central object—the
sun. The atom maodel has two essential parts —a nucleus at the center
and objects moving in orbits around the nucleus. In the model there
are three hasic particies: protons, neutrons, and electrons. The nucleus
contains the protons and neutrons. The electrons move in orbits around
the nucleus,

7q
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Nuclear forces are so strong that they keep the protons and neutrons
packed together very tightly. The: orbiting electrons are attracted 1o
the nucleus by electrical forces.

Fach proton carries a positive electric charge. The strength of this
charge is always the same for every proton. A neutron is neutral; it has
no electric charge. An electron carries a negative charge equal in
strength to the positive charge of a proton. In any normal atom, there
are as many negatively charged electrons in orbit as there are positively
charged protons in the nuclens. There is no net charge. The atom s

neutral,

€5 PROTON positive
O NEUTRON neutral

@ ELECTRON negative

You have found that no two elements radiate in the same wavelength
pattern. Similarly, the atoms of each element ave different from the
atoms of every other element. A hydrogen atom is different from a
helinm atom and from every other kind of atom. Hydrogen atoms have
the simplest nueleus of all —one proton. In orbit around the proton is
one electron. The positive charge of the proton exactly balances the
negative charge of the electron. If you had a halloon full of hydrogen

gas. it wouldn™t be charged at all.

Now pul together an atom that isn’t so simple. Combine two protons
with two neutrons to make the nucleus. Two electrons are needed in
orbits around the nucleus so that the atom will he neutral. The atom

vou have made is helium.

helium
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A nentral atom with three electrons in motion around the nucleus is
called lthium. How many protons are in its nucleus? Most lithinm
atoms contain four neuatrons in the nucleus, but some have only three,
A lithium nucleus, therefore, contains a total of six or seven particles,

The nneleus of w neatral atom of gold has 197 particles, and 118 of
these are neatron: low many protons and clectrons ave there in
the atom?

Like the solar system, a hydrogen atom is mostly empty space. How
empty is that? Let a marble represent the nueleus of ‘the hydrogen

atom. On thix scale the single cleetron woukd be the better part of a

mile away. In the veal hydrogen atom, the electron is usually one-half
an- Angstrom away from the proton—only two-billionths of an inch. h

15 nol surprising that you cannot see an atom.

The clectrons moving about a nueleus are arranged in orderly orbits.
Like the planets cieling the sun, some electrons cirele the nucleus at
greater distances than other clectrons, The eleetrical pull of the nucleus
on close clectrons is strong: its hold on more distant electrons is
weaker,

There are differences between the steaeture of an atom and that of the
solar system, One difference is that the orbits of the planets are all
nearly in the same plane, but the eleetron orbits in most atoms are not.
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There is one major difference that is the key to how light is born in an
atom. In the solar system a planet stays in the same orbit even after
billions of yvears. But the electrons in an atom can jump into different
orbits and then back again. In fact, they are doing so constantly in any

gas that is emitting light.

A HYDROGEN MODEL THAT RADIATES

Since hydrogen is the simplest of all atoms, let us concentrate on a
model for hydrogen. The nueleus of the hydrogen atom has one proton,
and, to complete the atom, one electron is in orbit about the nucleus.
The smallest orbit that the electron can follow is a circle about half
an Angstrom in radius. Call this path the innermost orbit. In only a
millionth of a second the electron civeles the nucleus billions of times.
But it always stays in the innertost orbit unless the atom is disturbed
in some way. ‘

When the electron is moving in any orbit except the innermost, the
atom is said to be excited. How does an atom get excited? Remember
that the positive proton and the negative electron are pulling on each
other. If an electron moves to a bigger orbit, it must somehow have
been pushed or pulled outward. The electron must gain some energy if
it is to move in « larger orbit.

possible electron orbits

ATOM OF {HYDROGEN

The nearest orbit the electron can jump to is four times as large as the
innermost orbit. The next is nine thnes as large, the next is sixteen
times, and so on. There is no end to the number of possible orbits. But
notice that the spacings ohey definite rules. There is no orbit that is 3.9
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times as large as the innermost orbit or even 3.95; the second orbit is
exactly 4 times as large as the smallest orbit. Since only orbits of a
certain size are allowed according o the rules of the game, only an
exact amount of energy can be gained by the electron as it moves out
from one orbit to another.

What happens after the electron gains or absorbs some energy and
moves out to a bigger orbit? It immediately jumps back to the inner-
most orbit. It stays in the bigger orbit for only a small part of a milljont

of a second.

What is the connection between emission lines and the eleetron jutps
mean atom? Just this: When the electron moves from a bigger orbit to a
staller orbit, it loses the energy it had gained. This energy is released
as a single bundle of energy —ax a tiny burst of light. The little bundle
of light leaves the scene at the same time the electron ts jumping inwuard
toward the smallest orbit. The bundle of light the atom radiates is also
a bundle of vncr;:_\'. The bundle acts like a particle and is called a
photon (FOE-talin). A photon is a small particle of light or energy.

—————

~—

When we picture Bohr's model of the atom. we are doing a sort of about-
face. Previously we have emphasized the wave model of light, To ae-
count for the interference of light going through two pinholes, the wave
model worked better. But to explain the vadiation of light with the Bohr
model, the particle model of light works hetter. We think of photons as

moving particles of light.

?8 B 4



O

ERIC

Aruitoxt provided by Eic:

If light is photons streaking out of atows, what is the meaning of wave-
fength in the Bohr model? Each time the electron in our hydrogen atom
jumps inward from the thivd orbit to the second orbit, a photon is
cmitted. The spectroscope would detect these photons as ved light with
a wavelength of 6563 Aungstroms. This wavelength is in the ved part
of the speetrum. Many such photous are emitted in all divections by hot
hydrogen. If enough struck your eyes each second, yon would see ved
light. In a spectroscope you would see the red spectrum line of

hydrogen.

orbit jump 3 to 2

6563A —1’

— - 2 "

4000A 5000A 6000A  7000A

Remember that the wave model and the particle model ave only con-
venient ways to think about some of the behaviors of tight. Some of
the things light does are the same things we observe waves to do;
other behaviors of light ave wore like the behaviors of particles. But
neituer the wave model alone nor the particle model alone can tell the
whole story. Therefore, to save words, we will speak of photons as if
they had wavelengths.

orbit jump 4 to 2

4861A
‘5_

4000A  5000A 6000A  7000A

Hydvogen emits photons of other wavelengths, too. When an electron

jumps from the fourth orbit straight down to the second orbit, out goes

a photon of wavelength 4861 A in the bluc-green part of the spectrum.

There are a number of ways the electron can return to the innernmost
orbit. Think of .au electron that has just gained enongh energy to move
out to the fomth orbit. There are fouwr ways for the electron to go from
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the fourth orbit to the first. There is only one way to go from the second
to the first orbit. How many ways from the fifth to the first?

If the electron goes from the fourth orbit to the innermost orbit in one
Jump, it will emit a photon of encrgy. If it stops momentarily at both
the third and second orbits, it will emit three photons of light. The
sum total of the energy of these three photons will he exactly the same
as the energy in the one phol(m emitted by a four-to-one jump.

long wavelength -
photon

The wavelengths of the photons emitted by a hydrogen atom depend
on the encrgy of the photons. A high-energy photon has a short wave-
length. A low- -energy proton has a long wavelength. In the hydrogen
atom we have seen that there are only certain permissible orbits. To
move from one of these orbits to another, only a certain definite amount
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of energy is involved, That is why only certain definite wavelengths
are emitted by the hydrogen atom. A hydrogen atom cannot emit yellow

light because it has no pair of orbits with the correct energy separation.

Here are some eleetron jumps and wavelengths emitted by the hy-

drogen atom:

Wavelength Color Electron Jumps
......... no photon 2to2
6563 A red 3to2
4861 A green 4to2
4340 A blue 5to2
4102 A violet 6to2
3970 A ? 7t02

3000A 4000A S5000A 6000A 7000A

Bolr's maodel of the hydrogen atom is very useful. It predicts the wave-
lengths that hydrogen emits, and these wavelengths are exactly those
observed in the spectra of hydrogen. Thus Bohr's model is used fre-
quently by scientists,

EXCITEMENT

How do we get the atoms of a gas exeited in the first place? How do we

give the atoms energy so that the electrons can move to outer orbits?

You have probably scen an experiment in which a balloon is put in a
refrigerator. After a short time the balloon shrinks in the cold. What
happens? The balloon is kept inflated by the continual push of mole-
cules against the inside sinface of the balloon. The motecules are
alwavs in motion, and their constant banging against the inside keeps
the balloon pressed outward.
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The speed of the molecules depends on e temperature of the gas.
When you talk about the temperature of . iix. vou are really talking
about the speed at which the molecule: of the gas ave moving. The
particles are in vapid motion. They hit each cther as well as the walls
of the container. In a refrigerator the gas is cooler and the molecules
are not in such rvapid motion. Hence the balloon shrinks. I we were to
heat the balloon, the molecules would move faster. Each one would
hit the inside surface harder and wmore often. The balloon would expand.

Imagine heating hydrogen in a baloon to a high temperature. The
atoms move about even faster. They hit the inner surface of the balloon
and also each other, harder and harder. In one of these collisions an
electron of one of the atoms may be bumped outward to a bigger orbit.
The energy the electron needs to move to this larger orbit is obtained
from the motion energy of the other atom. The harder or more energelic
the collision, the farther out the electron can move. The collision is
needed so that the energy of motion of one atom can be transferred to
the electron of the other aton. This is one way of exciting an atom—by
collision with another atom. It is called eollisional excitation.

A hot' mass of gas consists of countless numbers of atoms. At any instant
theve are umpteen atoms that have just been excited and now have
electrons jumping from outer orbits to inner ones. Photons are speeding
out from these jumps in all directions.

Perhaps now you can see why it is necessary to heat a gas before it
can enit light. Ordinarily, in gases such as in the atmosphere in a
room, the collisions are not encrgetic enough to excite the atoms. If
the electrons always stay in their innermost orbits, the atom cannot
emit. The atoms of the room’s atmosphere do not emit light because the
electrons in the atoms are all in their innermost orbits.

OTHER ATOMS

The Bohr model of the atom works very well for hydrogen. But what
about other clements? Their atoms have more electrons than hydrogen
does, and the electrons move in a greater variety of orbits. The picture

is more complicated.

In complicated atoms the electrons in the far-out orbits must be at-
tracted very feebly compared with those occupying orbits close to the
nucleus. It is these outer clectrons that change orbits to produce the
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spectrum. These outer electrons have their own innermost orbiis. There
are other electrons in orbits closer w the nueleus, but the outer elec-
trons cannot get into these orhitss. When two atoms collide, the onter-
most, loosely held clectrons are the ones that get Innped oul to even
bigger orbits. The atoms radiste light when these electrons jump back
i o their own smallest orbits.

Outer elecirons make jumps in outer orbits only.

Now you can see why each gas has a distinctive spectrum. The outer-
most electrons a sodium atom occupy orbits quite different from those
helonging to a caleinm atom. Thus the spectrum of sodium differs from
that of caleium. Dijierent wavelengths of light escape when the outer-
most clectrons in different elements jump inward. Each element has its
own umique pattern of spectral lines.

The more you heat a gas, the faster its atoms fly about, and the more
vigorously thét” collide with each other. More atoms collide hard
enongh o that electrons are jolted to omter orbits. The hotter the gas,
the greater are the number of excited atoms. The gas glows more
brightly because more atoms have an eleetron that is jumping back into
a smaller orbit. But the wavelengths of the photons emitted by the atoms
are just the same as they are when the gas is cooler. The pattern of
possible lines is alwavs the same, wherever and whenever a particular
gas s radiating.
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CONTINUOUS SPECTRA AGAIN

Now vou have a model of an atom that can radiate, So far, this model
applies only o atoms ina gas. You know that solid bodies are made of
atoms also. Why does a solid give a continuons spectrum while a gas
gives only lines? Do owe have tabandon our model 1o explain the

spectra of solids?

To understand the answer, we must compare the separation of atoms in
a gas and inasolids Inagas the atoms Iy aboat and sometimes collide
During the atom’s flight its neighbors have no influence on it Most of
the time it moves in free flight —as though no other atoms were acound.

Only a small part of the atonr™s Hife is spent in cotlision with other atoms,

Anatom in a solid bodv, however, leads a much different kind of life.
[t is never free of closely packed neighbors as they press against it
from every side. The outermo<t eleetrons of an atom in a solid are
almost as close to the nuelei v several neighboring atoms as they are

to the nueleus of their own atom.

What happens as a consequence of this crowded condition? An outer-
most cleetron is pulled by the electrical forces of these neighboring
atoms as well as by its own noclens. So the orbit separations which

determine how the eleetron can jimp can no longer follow definite Laws.

With no definite orbits. an atom is no longer confined to radiating a
definite: set of wavelengths. It can radiate any one of a variety of

wavelengths because a variety of orbits is possible. At any given
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moment, the billions of atoms in a solid we emitting billions of differ-
ent wavelengths, Hence the solid hody radiates a continuous spectrum.

A CONTINUOUS SPECTRUM FROM GAS

Is it possible for a gas to radiate a continuous spectrum as a hot solid
does? In a rarefied gas, as we have seen, the atoms are far enough apart
<o that an outermost electron of one of them owes its electrical alle-
giance to its own atom almost all the time. But think of compressing this
gas into a mueh smaller volume. The atoms move about in a smaller
space; the gas is denser than before. An outermost electron feels con-
stantly changing pulls as neighboring atoms continually pass near it.
The orbits of the harassed electrons are continually being altered be-

£33 13

gas at low pressure gas at high pressure

cause of passing neighbors. Thus the electrons can make jumps that are
bigger or smaller than usual. They emit photons of many different wave-
lengths. This variety of wavelengths means a color spread rather than a
neat emission line of one sharp wavelength, The more a gas i~ com-
pressed, the more the atoms disturls one another. The compressed gas

begins to radiate a continuous spectrum just as a glowing solid does,

Let us summarize the ways that light and radiating bodies behave,
First, a hot gas radiates an emission line spectrum when the pressure
is very low, Second, if a hot gas is compressed, it radiates a continuous
specttum. A solid radiates a continuons spectrum also. These rules
about radiation were first formulated by the physicist Rohert Kirchhoff
(KIRK-hofl'} ia the nineteenth century.

STARS AND THE CONTINUOUS SPECTRUM

We have already used the continuous spectrum to find the temperatures
of stars. Now we see that the continuous spectrum contains another clue
about the radiating « -ilar material: a star must be either a hot solid or
a hot compressed gas. Even as recently as the beginning of this century,
astronomers were still not sure which was the case. Today, however, all
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astronomers agree that the continous specetrum of the stars comes froin
compressed gas. The stars are simply too hot to be solid bodies.

Our understanding of the way materials radiate enables us to read more
of the message of starlight. Now we can see that it is possible for the
sun, or any star, to be entirely gaseous and yet radiate a continnous
spectrum,

ON YOUR OWN

@ Scientists use certain symbols to deseribe the number of particles
in an atonm. For example, zHe? represents an atom of helium.

Fhe subxeript s called The superscript shows

heo wtome nundher, 1t the sum of neutrons
hows how many pro- plus  protons  in  the
wen= are in the avcieus. nucieus,

y

2He?

The letters are the symbol for
the element.

This ~vaiem is called atomic notation. Now, copy the following
taie and fill in the blank spaces,

lu‘
Elament Litnium | Oxynen Sulfu‘r'j Chromium | Zinc | Lead
Ly (O (S, (Cr) {(Zn) | (Pb)

o —_—

L Pratens 3 8 24

Neutrons 4 8 16 125
Ele:trons 3 T
Atomic 3

Numbar

P'rot.r;.-';;, + 7 32 52 207
Naeurrons

Atonic 65
Nutation %Zn
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CHAPTER 9

Stars and Stripes

The Bohr model helps vou o understand how atoms of hot gases give
off light.: When the atoms are packed closely together, they radiate
only certain wavelengths, An emission hine spectrum is seen. You can
identify the elements in the gas rom the bright-line pattern in the
spectrum, )

spectral fingerprint

In a star in which the atoms of the gas are pressed close together, no
emission lines are seen. The star spectrum resembles that of a glowing
solid—a continons spectrum. It has all the colors—like a rainbow. If
an astronomer is to identify the elements of which a star is made, he
must scarch for other clues in the wossage of starlight. Let’s start by

examining the spectrum of our nearest star— the sun.

THE SUN S SPECTRUM

Place an 8 X 10-inch pane of glass on two books. Lay a sheet of

black construction paper under the glass to absorh some of the
| A
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glare of light, Position the equipment 10 refleet the image of the
stin as it comes throngh the elussroom window glass. The purpose
of this arrangement is to veduce the light from the sun, which is
nmeh too bright 1o he observed diveetly. Now tape a picee of
smootlt wax paper over the slit of vour shoeboy spectroscape Lo acl
as a filter. After this filter is in place, vou can point vour spectvo-
seope al the sun's image reflected by the glass. You now can ol
serve the smcs spectrun,

You will see many dark horizontal lines crossing the spectim,
These are caused by tiny nicks on the edges of the razor blades,
Try to ignore these lines. Look in the area where bhlne and green
merge. Do vou see thing vertical dark line? Look for other vertical
dark lines. There is one in the vellow-orange part of the solar

spectrnn You should see several others,

The spectrum of the sun is eontinuous, but it also has numerous nar-
row dark lines superimposed on the continuous background. As far back
as 1802, William Wollaston saw a few dark lines in the solar speclrum.
Not many years later and with better instruments, Joseph von Fraunhoier
(FROWN-hoe-fer) observed several hundred dark lines. He did not know
what they meant, but he did map their positions in the solar spectrum.
Beeause of his pioneering studies, the more prominent features in the
sun's specirwn are called Fraunhofer lines.

| "'e
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What do these ines mean? Do their positions in the solar speetrum

offer any clues as o their origin? Think of the dark Hine in the yellow-

oringe part ol the spectran, Can owe determine its origin?

DARK LINES FROM A GAS

[g) Set up a shochox spectroscope 1o examine salt —sodinm chlovide

—in the flame of @ gas burner. For this activity, arrange a 200-watt
bulh about two feet hehind the flame, Make a stitin a cardboard
shicld aud place the shickl in front ¢ the bulb, This activity will
not work unless the bulb, tdame, and speciroscope are ina straight
ine. Construet a wire holder fike those used i previons activities,
but make three wire loops so that more salt can be held and

vaporized.

306

Darken the room. Have a classmate dip the wires into water and
then into the salt. Have him hold the wires in the flame while you
peer through the spectroscope. The yellow emission line of hot
sodivm atoms will be seen. Now turn on the light and heat more
salt in the flame. What do you see where the emission line of

sodium erosses the continuous spectrum of the hulh?

By looking carefully, you cun see a thin dark line crossing the con-

timwons spectrum from the bulb. This dark line is exactly where the

sodium emission line appeared. When the sodinm is gone, the dark line
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s gone. Somehow the paseons sodivm from the salt must have produeed
the dark Tines Can one maodel of the atom explain what vou have

Jusl seen?

Wihen sodiv ehloride is placed in o flame, it vaporizes hdividual
atoms of sodivm ave veleased from the saltand iy about at high speeds,
Some of these atoms collide with other atoms, The eleetrons ol these
wtoms absorh energy of motion during the collisions and jump to o
higher orbit, As the clectrons vetien o theiv innermost orbits, they
release theiv excess energy, and photons of certain wavelengths are
emitted. That is the origin of the vollow sodium Hue,

orbit ot
excited electron | innermost orbit

| of outermost electron

< e
P

o
&
©

Remember that only certain orhits are possible in a rarcfied gas, The
sodium atom emits a vellow light of wavelength 5893 A when the onter-
most electron jumps from its smallest excited orbit down 1o the inner-
most orbit that it can ocenpy, The amount of energy contained in a
photon of wavelength 5893 A is an exact quantity. 1t is different from
the amount of energy contained in a photon of any other wavelength,

At any time in the sodium gas, there are excited atoms and unexcited
atoms, The light from the tight hulb shines through this cloud of sodium
atoms before it reaches the spectroscope, Billions of photons of all
different wavelengths stream into the cloud of sodium vapor,
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Fetus folow a0 SHO8 A phaton on s way Trom the fight-bath lilament o
the spectroscope, e photon proceeds along, nicely antid it enters the
clond of sodivm gase 0o 3808 A photon enconnters an inexcited
sodivm atom, something happens. Phe sodivm atom can nse the enerpy
of the SHOL A photon 1o move its electron from orbit one 1o orbin twa,
The S8O3A photon has just the vight amount of energy to do so, So the
sodivne atom absorbs the 38938 A photon, and the electron moves to
orbit nimber two, The enerey of the phioton has been used to move the
electron. An atone can heeome exeited by absorbing a photon ol jost
the vight enevay. The 3893 A photon no fonger exists, [has disappeared.
HEnever completes the jonruey 10 the spectroscopee.

5891A  5888A

5889A  s5ggs5A

— =
5B890A 3

— W —Mh—>  s8a2a
o 5894A
5893A

does not get through

spectrograph

spectrum

[v the gase there wre enough sodium atoms to absorb almost all the
5893 A photons that try to pass through. Very few of these photons gel
through the ¢loud without meeting a sodium atom. The sodium atoms
are unaffected by 5890 A photons, or 53891 A photons, or even 5892 A
photons, or practically any other wavelength in the visual region. These
other photons pass right through the gas and reach the spectroscope,
producing the continuous spectrum that vou see. There is a dark space
where the 5893 A photons helong, hecause these photons were absorbed
by the sodium gas. You see a dark line in the spectrum, an absorp
tion line.

23
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Wit appens o the sadinme abom that Tus heen oeited Ty the phaoton
ihmorption” Y ow may vemenber that an eveited atom inmediately b
comes eseited by it acphoton of Tight 0 hrand new 3808 A
photan Phe ariginal SHOY A photon was headed cheetly for the speatio-
seope st hefove i was abisorhed Ty acsodivem won, The brand-new
AU ploton can be veemitted incany direetion, \ e ey will it hie
citted i the sames diveetion the originl photon was traveding, 8o
only very few ol these new photons enter (he spectioscope slit,

Here s another genevadization aboi speeti, also diseovered by Rober
Nirehboft Yo can see s durk-line speetim when there is a gas hetween
vour speetraseope amld the sonree of o continnons spectrum — provided
the s is ot as hot as the baekgronmd light sonree, The dark-line
pattern is the same as the one the element ean emit.

BACK TO THE SUN

You have observed that the spectrum of the sun has many dark tines,
Can yor now think what canses them? Phe soun's continnons speeteam
originates at depths where the solar was is rather compressed, so the
speetrim from these hot zones is continuous. Higher, in the onfermost
bvers of the solar was. the pressare is lower and the atoms are not <o
crowded, Here the gas is thinner and cooler. Justas itis at greal heiglits
i our own ahnosphere, These lavers of solar atmosphere are the last
barrier the continnous radiation wust pass through in making its
eseape into space. The atoms i the solar atmosphere absorh their
chavacteristic wavelengths os the radiation from below passes throngh.
The result in the dark-line spectram of sunhight,

iron oxygen
caicium hydrogen hydrogen magnesium sodium hydrogen oxygen
i} b ~ \ s 1 .
h il | ’l ! ﬂ
' il i ' | : 1
T J
i f’,.’< ”III }i |
. i (ED I Li l -
violet blue green yeliow-orange red

The diagram above shows some of the darkest Fraunhofer lines in the
spectrum of the sun. These absorption lines identify the presence of an

element just as sirely as emission lines do.
92 91

ERIC

Aruitoxt provided by Eic:



Q

ERIC

Aruitoxt provided by Eic:

into apace

/.’f

iy

| AN |

Frahuhofer specirim al auini iy 3

coptinuous apaatrum
N
\ at great depth

Using the same method as before, observe the solar speetrum
again. Be sure the wax paper flter is in place, Garefully examine
the absorption lines in the speetum of the sune Which elements
can yvou identify in the atmosphere of the sun? .

By carcli:ty studving the many thousands of absorption lines, astrono-
mers can identify the kinds of atoms present in the sun. What do they
find? First, every clement found in the sun is also known here on the
arth, Second, more than 60 of the 103 known elements have been
identified in the spectrum of the sun, Probably the sun contains every
kind of element, but some, like radium " raniutn, must be un-
common since we do not deteet any of the  wr' - “nes,

other
hydrogen helium elements

10

NN

About nine atoms out of ten in the sun are hydrogen. Most of the rest
are helivm, One atom out of every thousand is something other than
hydrogen or helium. Leading the pack among these heavier atoms is
oxvgen, followed by carbon, nitrogen, and neon.
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OUTWARD TO 11110 8TARS

Afmost everywhere in the shy the st show the same M of spectem

iesorption lines slicig aevoss o bright continuons speetenm, So
awlmostall stavs e it ona common: patiern = compresaed s
cmitting o continuons speetrnm and agasoos abmosphere that wheorhs
coertnine wavelengtha as the rdintion passes through, The elements we
e i one st are also present i another, Phvdeogen is always 1he
st abundant, with helimm foHowing,

Some stavs aee ok some ave relatively cool. Some stars ave yery hrighty
others ave dine Some ave Targes others e small, From the dark Tines in
their absovption speetea, we know that they are all hoilt of the sume
hinds ol awtoms and that they adl possess varelied almospheres above o
(l('llﬁ(‘|'

uas,

ON REFLECTION

Youn have watehed dust floating in the Hight beam ol o projector, How
didd you “see™ the dnst? Light from the beam was reflected in all
divections by the irregnlar-shaped dust particles. Some of the reflected
ght entered vour eyves.

You have looked at the spectrum of the sun by aiming your spectro-
scope at areflected sploteh of suntight. The absorption lines weve
faithfully veproduced,

© . -

spectrum of star

S spectrum of nebula

You can see the moon o a elear night because sunlight strikes its
surface and i~ veilecied o vour eves. I yvou examined sunlight reflected
from the moon. yonr would see the same lines yvou saw hefore, The

spectrum ol the moon is a carbon copy of the sun's spectrum. So, loe,
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is the pectrune of the mermost planet,. Merenry. Fran moon and
Mereurs von get o spectan of the sune Plie ithiimated ehalk dnst
world give the spectrin of the projector badly,

Some wipht, Took oy the Pleiades cerea-nhi-decz) in the aatunin o win-
tor shy, This Hitde eluster of sties s sometimes callod the Seven Sistoers,
althowgh most people can manage (o sec ondy sis stes in it A teleseopie
photogeaph ol the Pletndes shows that these stars ave surromded by
(ainthy loominous clowd —a nebada Is this neboliv o cloud ol gas Hike the
Ovion Nebula? Does its spectim show emission lines? How do astrono-
mers find ont?

Photographs of the spectimm of stars in the Pleiades show the usoal
coutinnous speetrinm with daek Tines, Photographs of the spectrinm o
littfe pateh ol nebula near one of the stars show o varbon copy of the
absorption spectriom of the stars There are no emission Hnes as in the
Ovion Nebula, The spectrinm Hines arve dark, not bright. The speetr .
shows that the nebula cannot be o radiating gas,

to observer

The spectrom shows that in the space surronnding these stars there are
siall grains of solid matter. Astronomers calb these particles interstellc -
dust. Not much is known abont the size or composition of these dust
particles. However, they do vefleet light from the star they are near. So

the speetrum ol this nebolais the same as the starlight.

PLANET EARTH

Surrounding the carth is an ocean of air. Our atmosphere is a gas con-
sisting mosthy ol nittogen and oxveen, [t alzo contains water vapor and
a numiber of other gases. Whenever we observe light from the moon, or
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(rom - nebabng or from astae, the Tight must poass taongh this atmos-
pherie acean to reach our vyes,

What wonld you expeet to luppen 1o the tight during i jonrey through
the air? You know that the rrefied atmosphieres of st abrorh onl-
bovund photons and conse dark Fines, Wha of the elements in the
earth's aosphere?

Look back at the diagenm of e solae speetram on page Ol In the
red portion you see two heavy Inees identified as oxvgen, These Hnes
are caused by oxvgen moleentes inour atmosphere, Our air is cool
enough so that oxvgen atoms stick together in pairs, forming molecules,

The spectrum of oxygen molecules is entively different from that of
osygen atoms. We know that the oxvigen molecules we observe must
bein the carth’s atmosphere, They could not be in the sun; it s far
too hot for such pairs 10 link together there,

/

starlight in space

atmospheric atmospheric

[ water (— oxygen

same starlight at telescope

Water molecules, carbon dioxide molecules, and other molecules
also form lines in the spectrum, mostly in the infrared or in the ultr..
violel, Because the atmosphere absorbs radiation of many wavelengths,
only a small part of the infrared and ultraviolet radiation from the
stars can get through the earth’s atmosphere, The radiation is ahsorbed
befere it can reach the ground. If your eyes were sensitive only to the
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ultraviolet and infrared parts of the electromagnetic spectrum, vou
wouldn’t see much if you looked at the sky. To read the ultraviolet
and much of the infrared, you woilld have to board a spacecraft and
gel above most of the atmosphere of our planet. The wavelengths most
successful at getting through to us on the ground are those in the visible
and radio regions of the electromagnetic spectrum,

DENIZENS OF THE SOLAR SYSTEM

You have learned something about the sun from its spectrum of dark
lines. You also know that the earth’s atmosphere puts its own imprint
on the spectra of sun and stars. These absorption lines tell us something
about the composition of our atmosphere, Since the moon and Mercury
duplicate the spectrum of the sun, we can conclude that these bodies do
not have atmospheres. If they did, wé would observe extra ahsorption
lines in their spectra.

How about the other planets? When we look at the spectrum of Mars,
for example, we find something new. Sunlight goes to Mars, reflects
from the Martian surface, and comes to our spectroscope through the
earth’s atmosphere. We see absorption lines from the atmospheres of
the sun and the earth, and some additional lines formed in the Martian
atmosphere. These lines reveal that Mars has a very thin atmosphere
containing carbon dioxide molecules and water molecules,

Jupiter, the giant planet, has been found to contain large amounts of
ammonia gas and methane marsh gas. All the planets except Mercury
and Pluto have atmosphere of one kind or another.
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The distinctive pattern of absorption and emission by euch element
has proved to be a powerful tool in analyzing starlight. A star appears
as no more than a point of light through even the most powerful earthly
telescope. Yel its spectrum reveals the elements of which it is composed
and the plan of the star's construction: a compressed gas surrounded by
a low-pressure atmosphere. Atmospheres of objects that men have
never visited can be analyzed. It is safe to say that without a knowledge
of spectra and the way they originate, astronomy as a science would
have progressed little since the days of Kepler and Newton.

solar spectrum in space

— ——

~

sun ~

Mars

- W

solar spectrum plus
Martian atmosphere in space

solar spectrum plus atmospheres
of Mars and earth on the earth

earth



CHAPTER 10

To and Fro

THE PUZZLE OF MIZAR

At the bend of the Big Dipper’s handle lies the star Mizar. On a clear
night a fainter star can be seen next to Mizar. This star, Alcor (al-
CORE), is actually a great distance from Mizar, but from the earth it
appears only one-fifth of a degree away.

In 1650, the Italian astronomer Giovanni Riccioli (jo-VAH-nee rich-ee-
OH-lee) discovered that Mizar had an even closer companion. Faint
Mizar B slowly revolves around the much brighter Mizar A, taking
several thousand years to complete an orbit.

April 24
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More than two centuries later, in 1889, B, (. Pickering at the Harvard
Observatory studied the spectrum of Mizar A, the brighter star of this
close pair, Pickering found a curious thing, At one time the spectrnm
of Mizar A looked like that of an ordinary white star, with a temperature
ol ahout 10,000° K. A few days later, however, the spectrum showed that
all the dark lines were double and shifted from their normal position,
Further studies showed that the spectral lines of Mizar A did not shift
on just one oceasion, but did so regularly.

DOPPLER CHANGES

What can cause absorption lines to shift o different wavelengths?
Can the atmosphere of a star change its atoms so that they block out
different wavelengths at different times? In their search for answers
to the puzzle of shifting lines, astronomers found a clue in the work of
Christian Doppler (DOP-ler).

Doppler's main interest had been with sound waves. In 1842, he pro-
posed a solulion to a noisy puzzle. You have heard a locomotive
whistling as it passes you at the station. Perhaps from the roadside
you have heard a car sounding its horn as it sped by, The pitch of the
sound —its wavelength—changes as the car passes vou and goes on.
Doppler was able 1o explain these facts. His explanation for sound
waves can be observed by studying water waves on a ripple tray,

Set up your ripple tray again, Use one-fourth of an inch of water
and wads of cotton around the sides to absorh reflections. Make
waves with the eraser end of a pencil, and focus the overhead
projector until the waves are casily seen.

..“\v/”‘,.j’-\\/' ’.'," q

4
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Make vapid pointsoaree waves while you move the peneil steadily
acvoss the tray, Make several trips haek and forth, Move the peneil
across the tray at liest one speed, then another, Observe the pattern
of wavelengths in front of the moving peneil. Wateh the pattern of
wavelengths that teail the pencii, What is the dilference?

water waves

|

1

sound

L T P | [t

«— violet | |I ‘ | ' [ ‘red —e—
B n 1
red shift violet shift

starlight

~— violet ' :

no shift
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I was Doppler's discovery that waves rencling you from o Moving
rouree can have wavelengths different from the waves: emitted by
stationary source. You receive ahigher pitehed sound from a train tha
is appronching you, When the train is receding from you, the whistle
sounds fower pitched, When the souree is appronching vou the wave-
lengths are shorter than the original wavelength; when the souree s
leaving yon, the wavelengths are fonger than the original wavelengths,

You have observed that water waves also show the Doppler effeet. And
astronomers applied Doppler's explanation for sound waves to waves of
light. The waves of light striking vour eyes from an appronching star
are slightly shorter than normal; from a receding star, they are slightly
longer.

MEASURING CELESTIAL VELOCITIES

Doppler went one step further. He figured that the greater the speed
of an approaching source, the greater would be the shift of its absorption
lines toward the violetl. The greater the speed of a receding source, the
greater its red shift. The rate at which a light source approaches or
recedes is called the radial velocity.

violet x y z red

comparison
spectrum from
laboratory

star's spectrum -»f source

spectrograph slit -

How does an astronomer put the Doppler effect to work? He photo-
graphs the spectrum of a star, a nebula, a galaxy, or any other object.
Suppose that he gets particularly strong dark lines, which we'll call
%, ¥, and z. He then compares the dark lines on his spectrum photograph

1 02 101
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o emission lines produced by a radinting laboratory sonree that is
vight in the telescope dome with hime He knows that this comparison
souree st moving, but mayhe the star he jost photographed is moving,
How does he find ont? He carefully measures the mmont by whiel the
stellar Tines vy v and 2 e shifted in Angstroms, Then he can do o bil
of arithmetic and work ont the vate al which the star is approaching or
receding —its radial velocity, Here is the Doppler formula

wavelength shift

radtial \'('l“('“)' = X 5[)(-“(' of ||g|||

laboratory wavelength

IF the Taboratory wavelength of a speetrun line is 50000 A, and if its
recorded wavelength is 4999.0° AL then the measnred shift is 1.0 A
toward the violet. Now von can figure the radial veloeity.

. . shift -
radial velocity = 222 - Xospeed of ligin
T wavelength
1.0 A

= 2 80,000 mifsec
5000 A ’ il

=37.2 mifsec
The light sonree is approaching the earth at about 37 mi/see.

Astronomers kuow the radial velocities of more than 10,000 stars from
such measurements. Vega is approaching the solar system at Y mifsee,
and Sirius at 5 mifsce. Betelgeuse is receding ot 13 mi/sec.

The Doppler shift doesn’t tell us anything about a star’s motion across
the sky sideways with respect 1o the observer. Al that is revealed is
how fast the star is getting neaver to us or farther away.

closest—no Doppler shift

1 2 3 4 5
(
. normal . \
a million wavelength a million
years ago years from
now

[ ]
observer
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b the preceding diagram, o sture overtakes il passes an observer,
AL position 1 its molion is mos nearly in the divection of the ohserver,
e deteets a fuge wadial veloeity of approach from the Doppler-
shortened  wavelengths,  The Dopplershified  wavelengths heeome
longer (position 2) as a st eatehes up with the observer, A1 position
3 —its moment of passing the observer—all of the motion is siteways,
Heve the star is not wmoving toward the observer an all, and there is no
Doppler shift. At positions < and 3, after the star passes and drifts off
into the distance, the motion appears o be divected more and more away
from the observer, The Doppler-shified wavelengths lengthen uniil, in
time, practically all of the star's veloeity appears 1o the abserver as
radial veloeity,

The Doppler effeet has hecome very important in attempts to decipher
the message of stardight. Letrs i 1o Just afew of the many celestial
puzzles it has helped astronomers solve.

PAIRS IN A PINPOINT

Back to the puzzle of Mizar A. When the absorption lines split, one
portion of cach line shifts toward the violet end of the spectrum, indi-
ating slightly shorter wavelengths, The second portion of each line
shifts toward the red, showing slightly. fonger wavelengths. Is Mizar A
both coming and going?

@ To help you visualize what is going on at Mizar A, fasten a ball of
modeling clay at each end of a peneil. Tie a piece of string to the
center of the pencil and suspend the halanced clay spheres.

Tap one piece of clay so that the spheres rotate around each other
slowly. Watch them carefully. When, in their orbits, is one ball
approaching while the other recedes? When are the spheres travel-
ing sideways so that they are neither coming nor going as far as
you are concerned?

. 194 103

-~



To an observer, oven with the most powerful telescope, Mizae A appeus
an e single point ol fight, But Mizae A must aetwdly be two staes, orhit-
i each other in abont 20 days, With the speetroseopey the diffevent
veloeities help toseparate the speetea ol the ovhiting companions,

Astronomers have discovered other star-pairs besides Mizar A — stars
so close together that they appear as a single point of light even with
the most powerful telescopes. By stdying the separation of the dark
tines from time to time. they can learn the difference in the radial
veloeity of the two stars. This knowledge gives them some idea of the
orhits of the two stars aronnd cach other —all without heing able to see
more than just one pinpoint of light.

STELLAR SPIN

Some stars have dark spectral lines that are surprisingly thick. Each
line is wide enough to cover several Angstroms. Most stars have much
thinner lines. Why is there this difference?

From the motion of its sunspots day by day, we can *oll that the sun
takes 25 days to rotate once around its axis. Fven s surface gases
at the equator are moving at 1 mifsce becaase of votation, One side of
the sun’s disk is moving toward us, and one side is moving away. The
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peetnme tines from the side approaching ns are lightly: Doppler-
shilted toward the violet those from the side receding from ns are
Alightly shifted towand the vads These diffevenees enn he doteeted Iy
pointing the slitolw specteoseope at different parts of the sun's s,

spoctroscapo slit B

7

spectroscope slit A

the sun rotates once in 25 days

from slit A H ‘ “ H ‘ shift toward violet
from slit 8 ” ’ ” l’ ,' shift toward red

How about other stars? We can see them only as points of light, There
can be no hope of sampling the light from first one side aned then the
other, as we can do with the sun. Starlight entering the spectroscope is

a ntixture of light coming from the entire stellar surface facing the carth,

toward

away

e
I

Lol

L

' l

AL

slow star

i
.

i

|
[
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Suppose i st is spinting vapidive Wi wonld von expeet its abisorp:
ion Fines 1o Jook Fike? Thee part of the votiating st moving towand us
most awitthy woubd send Tt withe the most viodershiftedd Tines in the
mivhee baght frome the veeesding side would contribite vesd-shittd Tines
o the mistmes Bight frome diffevent pavis of the st wonld show the
socim Hne with shighthy diffevent wayelenptha, i the spectroseope the
sodinm abaorption Hwe would he o mistiee of these Doppoesshifted
Fines == heoadened ad spvead ont Phe faster the sping the wmoee spreadd
ontave all the spectin fines,

Ivom the widths of abaorption fines, astronomers have found st tha
volate faster e 300 miles per second ol theiv eqputors, Sueh stirs
areon the verpe of i apart, Floweyer, smost stues e slow spinmers
Fihe the sun,

Thick Jines give us the elue to vapid rotation, Howe were nol able o
studhy the speeteam of stuelights we o woubd never know that there were
rapid spinmners among the sts,

SWELLING AND SHRINKING

Many stars change in brightness inoa ehivthmie win, Now they are
brighter, Tater they are dimmer, and then onee pgain they are at their
brightest, Among the most celebrated of these variable stars are the
Cepheids (SEE-fee-ude),

This group of stars is named alter the liest one discovered — st Delta
in the constellation of Cepheus (SEE-l[ee-us), The Tight vaviation of such
sturs prompted astronomers to ook at their speetracto see i they could
find any clues to the nature of the changes in light,
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Fhey fmnek b alb e speetval Taes shitt back and fth. sl (e
verk el ey owand Wi violes and back again. Phe time for ther line 1o
itk e one Tl g o shortest ) bongest winvebength <hidy annd bk
i e ant b be dedenticad Wit the period of light yariation.

bvingeine i halloon slowby besimg intlated o fonk o two hedomee yonn ey e,
Poes e near sice of the ballonn e any kil W TR O ATRRT
areconeerned? Taoir appiaehing or reeeding

L5

Nest imagine aiv heing slowly et ont of the hatoon, Onee again note

the vadial veloeity of the near side,

NN
-

Cepheid variable star
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All the evidence indicates a periodic swelling and shrinking of the
Cepheid  variable stars. Accompanying these changes in size are
changes in the amount of light the stars give off. A careful study of the
Doppler shifts shows the differenee hetween the radius of the star when
it is brightest and the radins when itis smallest. These stars ave usually

about a tenth bigger in radius at maxinuu size than at minimun.

DENIZENS OF THE ULTRA-DEEP

By using their fargest telescopes, astronomers are able to photograph
the faint Light of distant galaxies. The Hight is so feeble that it takes a
time exposure Lasting several nights 1o get a spectram. What is found

when they study these spectra?

L0
i LY
g 1ol
L4
o ‘,‘%,
g

MR
e

A ST T e

The few fuzzy absorption lines that appear are far out of place. They
are shifted to the red. The shifts indicate that these galaxies are reced-
ing from us. From their measurenents o Doppler shifts. astronomers
have succeeded in Goding the radial velocities of about a thousand

valaxies.

comparison

galaxy

The nearby Whitlpool Galaxy in Ursa Major is receding at about 260
mi/sce. The more distant Sombrero Galaxy is rushing away at 710
mi/sec. Farther alield in the constellation of Coma Berenices (KO-muh
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bear-ul-NIGH-secz), some galaxies are moving away at about 4200 mi/
see. The higgest Doppler offect yet measured for galaxies shifts lines
far across the spectrum. What were ultraviolel photons on departure
are recorded here on carth in the red part of the spectrum. The veloci-
ties of some galaxies have been found to he elose 1o the speed of
light itself.

s |

What is the meaning of these red shifts in the spectra ol galaxies? In
comparing these speeds, astronomers have discovered some exciling
facts, First, almost all the galaxies are racing away from us. Second, the
farther away a galaxy. the faster it is speeding outward. Most astrono-
mers mterpret these observations as evidenee that the whole universe is
expanding — that all the galaxies are cortinuously moving further apart.

DOPPLER ALL THE WAY

Astronomers have fearned much about the motions of celestial objects
from shifted spectral lines. Broad lines hint that some stars rotate very
rapidly. Some absorption lines that shift back and forth reveal informa.
tion about close star-pairs: others provide clues that some stars swell
and shrink. Doppler shifts show the radial velocities of stars. We would
have no conception whatever of the expanding universe of galaxies if
it weren’t for the to-and-fro effect first proposed by Doppler.
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ON YOUR OWN

@Stucly the drawing below. It shows the earth circling the sun
and lo (EYE-oh)., one of Jupiter’s moons, orbiting Jupiter. By
measuring the tlime betlween lo’s eclipses —when it enters
Jupiter’s shadow — astronuvmers know that the satellite orbits
Jupiter in 42 hours, 28 minutes. As the earth travels from A
to B2, however, each eclipse seems to occur a few seconds later.
By the tlime the earth is at B, eclipses are lagging behind by
16 minutes, 38 scconds.

lo entering

/ Jupiter's shadow

—tS

186,000,000 miles

In 1676, Ole Rocmer (OH-lee ROE-mer), a Danish astronomer,
said that this time lag occurred because light had to travel a
grealer distance 1o reach the earth at B than at A. Use these
facls to measure the speed of light. Remember that the earth is
about 93 million miles from the sun.

@Suppnse. an  astronomer photographs the spectra of several of
the stars in Cassiopeia. He measures the shift of a line at 5000
A. Here are the tiny amounts that the line might shift for each
star. Compute radial velocities, using Doppler’s formula. Copy
the following tabie and fll in the blank spaces.

Star in Direction Radial Velocity
Cassiopeia (— = toward, + = away)

Alpha red + 2.6 mi/sec
Beta violet
Gamma red
Delta violet
Epsilon red
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CHAPTER 11

The Universe of Light

All we know about the stars is carried in the light they send us across
the depths of space. The information contained in that light is detailed
and revealing. Only recently have astronomers learned how to decode
the scrambled message of starlight.

First, physicists observed how light behaves. Models of light were in-
vented. Physicists and chemists used prisms and gratings to study the
spectra of elements, just as you have in this book. Models of the atom
were constructed. Astronomers then could do some decoding. They
could begin to understand the nature of stars and of other objects
emitting radiation into space. There is still more to learn — much more.
The job of astronomers js an unending one.

Nearly everywhere astronomers have looked, they have found matter in
the gaseous state. The dark lines in the spectra of stars and the bright
lines in certain nebulae both point to the gaseous nature of the stars
and the stuff between the stars. The only solid matter that astronomers
find in the universe is in the tiny planets and in the interstellar dust

grains.

From what we know so far about the universe, all matter except about
one part in a thousand is in the form of gas.

What are the stars? The appearance of their spectra established in the
last century that the stars are distant suns, just as the sun is a nearby
star. Some stars are hot; some are cool. Some stars emit more photons
than the sun; some emit less. Some stars are big:; some are small. But
they are all the same kind of object. Each one is a hot radiating sphere
of gas.

What are the stars made of? Atoms. And atoms are atoms the universe
over. Their spectra tell us so. What kinds of atoms? If you said the
universe is all hydrogen, you wouldn’t be far from wrong. Ninety per
cent of all the atoms in the universe are hydrogen; almost all the rest

are helium atoms.

Along with these two elements, the stars and interstellar matter contain
Just those other elements that we have here on earth. There are no
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brand-new kinds of elements we don’t know about here at home —not
even in remote galaxies, Their spectra tell us so.

The matter of the universe is the same all over —in flashing meteors, in
the atmospheres of other planets, in the stars, in glowing nebulae, and

in the farthest galaxy we can deteet.

Wherever a spectrum line appears at a wavelength other than its usual

one, we can, with the help of Dopplers suggestion, say something about

how the source is moving. Double stars orbit rapidly aronnd each other.
Individual stars spin around their axis — some of them very fast. Some
stars shrink and swell rhythmically.

Not too long ago the lines in the spectra of other galaxies were found to
he shifted toward the red. The fainter and more distant galaxies have
the Targest red shifts. From what we can observe, the entive universe is

expanding — the galaxies are flying away from one another.

At the outermost houndaries of the universe we know, there are dim
systems racing away al nearly the veloeity of light. The distance to such
galaxies is somewhere around five billion hight-vears. We see those
faint assemblies of stars as they were five billion yvears ago—about the
time our own pianet was born. What those galaxies are doing tonight,
we_shall never know. But the message of that stavlight is speeding on
its way toward us. Perhaps, at some far distant day, astronomers of
another age will read it
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